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ABSTRACT

BIOINSPIRED COMPLEX NANOARCHITECTURES BY
DNA SUPRAMOLECULAR POLYMERIZATION
SEPTEMBER 2019
LAURA LANIER
B.S., GEORGIA INSTITUTE OF TECHNOLOGY
M.Sc., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Harry Bermudez

Bioinspired nanoarchitectures are of great interest for applications in fields such as
nanomedicine, tissue engineering, and biosensing. With this interest, understanding
how the physical properties of these complex nanostructures relate to their function
is increasingly important. This dissertation describes the creation of complex nanoarchitectures with controlled structure and the investigation of the effect of nanocarrier
physical properties on cell uptake for applications in nanomedicine.
DNA self-assembly by supramolecular polymerization was chosen to create complex nanostructures of controlled architectures. We demonstrated that the supramolecular polymerization of DNA known as hybridization chain reaction (HCR) is in fact
a living polymerization. The living nature of HCR was established by a demonstration of continued polymerization upon further monomer addition. Living character presents opportunities to synthesize structures of complex nanoarchitectures of
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controlled size. Modifying the strands of HCR produces non-linear supramolecular
polymer architectures, including bottlebrushes, star polymers, and brush-arm star
polymers. The controlled synthesis of these noncovalent supramolecular polymer architectures presents opportunities for studying the relationship between architecture
and physical properties from the perspective of polymer physics. Additionally, this
method for creating non-linear architectures could find applications in fields such as
synthetic biology, biosensing, and nanomedicine.
The effect of nanoparticle stiffness on cell uptake was investigated using a model
nanocarrier created by tile-based DNA self-assembly. A new ensemble method of
nanomechanical analysis was developed by using Förster resonance energy transfer to
measure the deflections caused by increasing osmotic pressure on the nanoparticles.
Nanoparticle stiffness was modulated by incorporating an intercalating molecule to
bind between the bases of DNA, which was demonstrated to stiffen the structure.
Uptake of soft and hard nanoparticles was studied, however it was not shown to vary
significantly over the experimental range of stiffness. Despite this negative result,
comparison of the nanoparticle stiffness with those of biological materials, such as
cells and viruses, suggests that further investigation is still warranted to understand
the effect of mechanical properties of nanoparticles on cell uptake. Our results can
be used to inform the design of these further investigations.
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CHAPTER 1
INTRODUCTION

From intracellular structures to organism surfaces, complex nanostructures can
be found throughout the natural world. For these natural nanostructures, structure
is often integral to function. In the case of rose petals, the nanostructures on the
surface, visible in Figure 1.1a, are responsible for the petals’ superhydrophobicity,
making the petals self-cleaning. 1 As an intracellular example of complex nanostructure, ribosomes are complex molecular machines made of proteins and RNA folded
into specific structures, as shown in Figure 1.1b. Ribosomal structure is important to
protein synthesis in cells, allowing for the correct selection and arrangement of peptides during translation. 2 Viruses are composed of a protein capsid enclosing genetic
information, with different variations of this structure, as shown in Figure 1.1c. The
outer layer of protein protects the genetic code of the virus so that it can survive to
be replicated in the host cells. 3 The structure of this viral capsid is important for
getting viruses into cells for replication and protecting the virus while outside of host
cells. The physical properties of the viral capsid are important for executing these
functions and as such are being investigated to better understand the relationship
between structure and function in viruses. 4
Complex nanostructures in nature have inspired the creation of nanostructures
for applications in many fields, including tissue engineering 5;6 and nanomedicine. 7–9
In the field of tissue engineering, mimicking biological structure is critical for encouraging regenerative growth. In one example, the fibrous structure of proteins in the
extracellular matrix is mimicked through the self-assembly of peptide amphiphiles

1

(b)

(a)

(c)

Figure 1.1: Examples of naturally-occurring complex nanostructures. a) The surface
of rose petals have a complex nanostructure, resulting in superhydrophobicity of the
petal surface. This superhydrophobicity makes the petal surface self-cleaning. Figure
reproduced from Darmanin and Guittard 1 b) Ribosomes found inside all cells have
a complex nanostructure from the assembly of RNA and proteins. This structure is
integral to the protein synthesis function of ribosomes. Figure reproduced from Noller 2 .
Reprinted with permission from AAAS. c) There are many different examples of viral
capsids, and all demonstrate complex architecture at the nanoscale. The complex
structures contribute to the capid’s function of protecting and delivering viral genetic
information. Figure reproduced from Mateu 4
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to promote cell adhesion and spreading. 10 In the field of nanomedicine, bio-inspired
design is used to overcome biological barriers in the body, to improve efficacy, and
to create structures capable of dynamic response. Inspired by pancreatic β cells’ dynamic regulation of insulin, artificial cell mimics made of multi-compartment vesicles
have been developed to treat hyperglycemia in cases of diabetes. 11 These examples
highlight the interest in biomimetic and bio-inspired nanostructures.
This dissertation seeks to broaden the understanding of how structure and physical properties impact the function of bio-inspired nanostructures. Understanding
structure-function relationships in bio-inspired nanostructures will increase understanding of the impact of physical properties at the nanoscale in biology. Additionally, this understanding of structure-function relationships is important for the design
of complex nanostructures for applications in fields such as nanomedicine, biosensing,
synthetic biology, and tissue engineering.

1.1

DNA Self-Assembly

The complex nanostructures studied in this dissertation were created using DNA
self-assembly. DNA nanotechnology is a biokleptic self-assembly method that utilizes the specificity of DNA hybridization to direct bottom-up self-assembly through
control of DNA sequences. There are three main DNA self-assembly techniques: tilebased assembly, DNA origami, and supramolecular polymerization. All of these DNA
self-assembly techniques rely on the thermodynamics of DNA hybridization reactions,
however they differ in the approach to structure design and design flexibility.
Tile-based DNA self-assembly is a bottom-up approach based on the periodic
assembly of tiles to create large DNA nanostructures. Strands of DNA are designed
to self-assemble into tiles which can then assemble to form larger structures due to
the hybridization between the tiles. DNA tile assembly can be used to create large
2D DNA structures, such as the one shown in Figure 1.2. While the periodicity of
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Figure 1.2: The simplest example of tile-based DNA self-assembly is a grid pattern. In
this assembly,self-complementary DNA tiles assemble into a grid pattern, as visualized
by AFM. Figure adapted from Yan 13

the structure is controlled by sequence design, the independence of each hybridization
reactions between the tiles means that the final size and shape of the nanostructures
are not directly controlled. There has been some work in designing around this
limitation by clever design of the complementarity of different tiles, as demonstrated
by Tian et al. 12 in Figure 1.3.
DNA origami is a top-down assembly approach in which a long strand of DNA
is ’folded’ into a specific structure by hybridization with short ’staple’ strands. This
assembly technique allows for great structural control, with the creation of very complex shapes possible, as shown in Figure 1.4. While incredible complexity is possible
using this assembly technique, the complexity also leads to issues of low yield due
to the large number of strand hybridizations that must occur. Additionally, design
flexibility is an issue, requiring complete re-design if the size or shape needs to be
changed even slightly.
Supramolecular polymerization of DNA is a self-assembly approach that produces
long linear strands of DNA utilizing polymerization mechanisms. Two reactions that
fall into this category are concatemerization and hybridization chain reaction (HCR),
which are analogous to step and chain polymerization, respectively. These reactions
are not often considered in the field of DNA nanotechnology, as there are few examples
4

(a)

(b)

Figure 1.3: Clever design of the complementarity of DNA tiles through ’directed selfassembly’ can be used to create complex discrete shapes. As verified by cryogenic
electron microscopy, directed assembly of DNA tiles was used to create well-defined
discrete pentagonal bipyramids. Figure adapted from Tian et al. 12

of DNA supramolecular polymerization being used to create complex architectures.
Hyperbranched structures have been created by HCR, but the emphasis has been
on amplifying signal in sensors, not on controlling structural features. 14–16 Increasing
design complexity using DNA supramolecular polymerization will be explored further
in this dissertation.

1.2

Dissertation Outline

The overarching goal of this dissertation is to understand the importance of structure and related physical properties by studying bio-inspired complex nanoarchitectures created by DNA self-assembly. In Chapter 2 the supramolecular polymerization
mechanism of HCR is investigated. By the addition of further monomer to continue
the polymerization and the comparison of HCR products with concatemerization
products, HCR is determined to be an example of living supramolecular polymeriza-
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(b)

(a)

Figure 1.4: a) Illustration of how DNA origami is designed to create nanostructures
by folding a long strand of DNA using the hybridization of shorter strands. b) To
demonstrate the structural control possible, DNA origami was used to replicate a world
map as a DNA nanostructure, verified by AFM. Figure adapted from Rothemund 17

tion. As an example of living polymerization, the molecular weight of HCR products
can be controlled by the stoichiometric ratio of monomer to initiator. Additionally,
HCR of purified monomers yields linear supramolecular DNA polymers with low dispersity. These findings motivate the further exploration of HCR as a means of creating
complex DNA architectures in chapter 3.
In Chapter 3 complex architectures are created from DNA by modification of the
linear HCR scheme. Using the mechanistic understanding determined in Chapter 2,
HCR strand design is modified to create non-linear architectures isothermally. Modification of the monomer structure to include an initiator for a secondary HCR reaction
produces bottlebrush structures. Modification of a DNA four-arm star to initiate
HCR from each arm yields large DNA star polymers. Combining the monomer and
initiator modifications produces brush-arm star polymers. The size and shape of all of
these structures is controlled by stoichiometry of the oligonucleotides due to the living polymerization mechanism, i.e. the width of the bottlebrush structure produced
can be controlled by the ratio of sidechain monomer to sidechain initiator strands
independent of the mainchain length. Assembly and control of these structures is
verified by gel electrophoresis and fluorescent end-group analysis.
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In Chapter 4 the effect of stiffness on cell uptake of DNA nanoparticles is investigated. First, the stiffness of DNA nanoparticles is varied by the incorporation of
intercalating molecules to stiffen the DNA. Next, a technique is developed to measure the stiffness of the DNA nanoparticles by compressing the nanoparticles with
osmotic pressure and measuring the deflection by FRET between fluorophores on the
nanoparticle surface. This technique provides ensemble average stiffness data, giving
evidence to support that nanoparticle stiffness is increased with the incorporation of
an intercalating agent. Finally, uptake of soft and hard DNA nanoparticles into cells
is measured in two cell lines, providing evidence that increasing nanoparticle stiffness
increases cell uptake.
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CHAPTER 2
LIVING SUPRAMOLECULAR POLYMERIZATION OF
DNA

Most of this chapter is adapted from Lanier and Bermudez 18 .
There have been recent synthetic successes in novel approaches to supramolecular
polymerization. By contrast, it has long been known that DNA oligonucleotides can
undergo a type of supramolecular polymerization referred to concatemerization. Concatemerization is a step polymerization and consequently suffers from broad molecular
weight distributions, in addition to undesirable cyclization reactions. Here we demonstrate that supramolecular polymerization of DNA known as hybridization chain reaction (HCR) is in fact a living polymerization. The polymerization can be continued
with the deliberate addition of monomer, and the molecular weight can be varied by
the ratio of monomer to initiator. In contrast to concatemerization, HCR produces
polymers with narrow dispersity while avoiding undesirable cyclization. Identification
of the living character of this supramolecular polymerization presents new opportunities in structural DNA nanotechnology and molecular biology.

2.1

Introduction

Over the last few decades, supramolecular polymerization has emerged as an area
of interest at the interface of polymer science and supramolecular chemistry. Much of
this interest is inspired by the dynamic properties resulting from the reversible noncovalent bonds linking monomers. Due to these dynamic properties, supramolecular
polymers have the potential to be self-healing 19 and stimuli-responsive. 20;21 However, the dynamic nature of supramolecular polymers and the traditional approach to
8

their synthesis have complicated the ability to control their synthesis. The reversible
nature of the bonds forming supramolecular polymers makes their structure highly
dependent on environmental factors, complicating control over their synthesis. 22 In
addition, many supramolecular polymers are formed from bifunctional monomers by a
growth mechanism analogous to step polymerization. 23 Step polymerization is known
to yield polymers with high dispersity whose degree of polymerization is dependent
on monomer concentration. 24 These characteristics are also true of supramolecular
polymers formed by step-like polymerization. 22 In the last few years, there has been
growing interest in understanding how to control the synthesis of supramolecular
polymers.
Recent succes in controlled supramolecular polymerization has been achieved by
developing analogues of living polymerization. Characterized by the absence of termination and chain transfer reactions, living polymerization has long been used
for the controlled synthesis of conventional polymers. 25;26 In order to devise living
supramolecular polymerization methods, reported methods prevent spontaneous polymerization through two strategies of structural regulation: seeded polymerization of
pre-assembled monomers and intramolecular restriction of monomers. 27 Using the
strategy of seeded polymerization, thermodynamically stable seeds are added to kinetically stable pre-assemblies of monomers, resulting in rapid polymerization. This
method has been reported with porphyrin-based 28 and perylene bisimide 29 monomers.
Using the strategy of intramolecular restriction, addition of initiator causes the polymerization of metastable monomers. In one example of this approach, monomers with
a corannulene core were shown to be temporarily disabled from spontaneous polymerization in a low polarity solvent. 30 With the monomers trapped in a metastable
cagelike conformation, polymerization only proceeded with the addition of an initiator or heat. Despite these examples, supramolecular living polymerization remains a
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challenge to be overcome in order to create a wide range of controllable supramolecular polymerization methods.
While controlled synthesis is just emerging in supramolecular polymerization, it is
a defining characteristic of DNA self-assembly. Both fields are based on self-assembly
through noncovalent interactions, therefore considering the challenge of supramolecular living polymerization through the lens of DNA self-assembly can offer new insight.
In this work, the DNA self-assembly technique of hybridization chain reaction (HCR)
is considered as a possible living supramolecular polymerization of DNA. HCR produces linear supramolecular polymers of DNA by a chain of strand displacement
reactions. 31 HCR has been used for applications in signal amplification 32 and sensing, notably sensing of mRNA in vitro 33 and in vivo. 34 Thus far, the focus as been
on applications, not on understanding HCR as a method of supramolecular polymer synthesis. The analogy between HCR and living polymerization has been made,
however this analogy has not yet been verified. 31 The objectives of this work are to
determine if DNA supramolecular polymerization by HCR is both living and controllable. Many of the characteristics associated with living polymerization, such as low
dispersity and control over molecular weight, are not criteria for determining living
character. Living character alone is insufficient for determining if a synthetic method
can be controlled. 35

2.2

Results and Discussion

The analogy between HCR and living polymerization has been made previously. 31
For comparison, schemes for both are shown in Figure 2.1. Similar to living polymerization, HCR proceeds by an initiating strand hybridizing with a monomer, opening the monomer’s hairpin through a strand displacement reaction. Once open, the
monomer undergoes a strand displacement reaction to open up the next monomer.
This chain of strand displacement reactions continues, forming a DNA supramolecular
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Figure 2.1: Illustration of the hybridization chain reaction compared to the scheme of
living polymerization to show the analogous behavior. a)In HCR, an initiator strand
(purple) hybridizes with monomer 1 (blue), opening the monomer hairpin through a
strand displacement reaction. The free end of monomer 1 hybridizes with monomer
2 (red), opening its hairpin through a strand displacement reaction. This chain of
strand displacement reactions continues, forming a supramolecular DNA polymer. b)In
a living polymerization, initiator (I) reacts with free monomer (M), activating it (M*).
Activated monomer interacts with free monomer, and the chain of reactions continues,
resulting in polymer formation.

polymer. The directionality of DNA hybridization prohibits termination by combination, while the noncovalent nature of the propagation reaction precludes termination
by disproportionation. A terminator strand was designed to cap active chain ends for
characterization purposes.

2.2.1

Continued Polymerization upon Further Monomer Addition

The ability of HCR to the continue polymerization with deliberate addition of
monomer was used as a rigorous criterion for determining living nature. 35 Polymer
was prepared at a monomer to initiator ratio (r) of 10. Four samples were prepared
from this polymer, and characterization of their mobility is shown in Figure 2.2. The
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Figure 2.2: Agarose gel (2%) demonstrates the continuation of supramolecular polymerization with deliberate addition of monomer. HCR sample prepared at r=10. In
each lane, 1)buffer, 2)terminator, 3)monomer (such that r=50), and 4) terminator, then
monomer (such that r=50) was added, respectively.

effective molecular weights and dispersity were calculated using a custom Matlab
program (see Appendix A for more information) and can be found in Table 2.1. The
products in each lane were prepared by adding 1) buffer, 2) terminator, 3) monomer,
and 4) terminator, then monomer, respectively. The samples in lanes 3 and 4 had
monomer added to increase r to 50. For the sample in lane 4, terminator was allowed
to react with the polymer for one hour before further addition of monomer. All
samples were then incubated at room temperature for 24 hours.
With addition of further monomer (lane 3), mobility is decreased as compared to
the addition of buffer (lane 1), indicating the continuation of polymerization. Such
a mobility decrease does not occur with the addition of buffer (lane 1), suggesting
that this decreased mobility is due to continued polymerization, and not an effect
of polymerization time. There is no overlap between the bands for sample with
buffer (lane 1) and monomer (lane 3) added, indicating that mobility is decreased
for all polymer chains upon addition of monomer. This decrease in mobility for all
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Table 2.1: Average degree of polymerization and dispersity of monomer addition gel in
Figure 2.2 as calculated using a custom Matlab program.

Lane
1
2
3
4

Addition
Buffer
Terminator
Monomer
Terminator, then
monomer

DPn
33
30
61

DPw
43
40
75

24

35

Peak DP D
39
1.30
36
1.33
70
1.22
32

1.49

species with addition of monomer is direct evidence of HCR’s living polymerization
mechanism.
Comparison of the lanes without monomer addition shows that equilibrium of
the sample had been reached before additions were made as polymer mobility is
independent of the addition of either buffer (lane 1) or terminating strand (lane 2).
The effectiveness of the terminator at preventing continued growth of the polymer is
demonstrated in lane 4, as addition of terminator before further addition of monomer
prevents the decrease in mobility seen in lane 3.

2.2.2

Comparison to Concatemerization

As the analogy between HCR and living polymerization is verified, HCR can be
compared to another DNA supramolecular polymerization called concatemerization.
In a mechanism analogous to step polymerization, concatemers are produced by mixing partially complementary oligonucleotide monomers. 36 Schemes for step polymerization and concatemers formation are shown in Figure 2.3. Concatemers have been
used for decades, with applications in molecular biology and gene therapy. 37;38 However, the synthesis of concatemers has problems with undesired cyclization and broad
dispersity 36 , problems that are also encountered in the synthesis of supramolecular
polymers by step polymerization. 39–41
Concatemerization is compared to HCR in Figure 2.3. Concatemer samples were
prepared by mixing monomers at equimolar concentrations, with total monomer con-
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Figure 2.3: Comparison of HCR and concatemerization demonstrates the difference
between the products of these DNA supramolecular polymerization reactions. a)In step
polymerization, bifunctional monomers (AB) react in steps. Possible steps are shown.
b)In concatemerization, partially complementary DNA monomers (Blue = concat1, red
= concat2) hybridize in steps to form concatemers. Possible steps are shown. c) Agarose
gel (1.5%) comparing concatemer assembly to HCR. Lanes 1-3: Concatemers assembled
at monomer concentration of 0.5, 1, 2 µM, respectively. Lanes 4-6: Assembled by HCR
with r = 10, 20, 30, respectively.

centration at 0.5, 1, and 2 µM. HCR samples were prepared at a constant initiator
concentration of 0.02 µM with monomer added such that r = 10, 20, and 30. The
calculated molecular weights and dispersities are reported in Table 2.2.
High molecular weight DNA supramolecular polymers are more easily achieved
and controlled by HCR than by concatemerization. The concatemer products (lanes
1-3) have a much higher mobility than the HCR products (lanes 4-6), indicating lower
molecular weights. In addition, the concentration of the HCR products (0.4, 0.6, 0.8
µM) is much lower than that of the concatemer products (0.5, 1, 2 µM). Comparing
concatemers at 2 µM (lane 3) and HCR at r=10 (lane 4), the DNA concentration
in lane 3 is five times higher than that in lane 4, but the mobility in lane 4 is much
lower than the mobility in lane 3. This lower mobility of HCR products indicates
that HCR produces higher molecular weight supramolecular polymers at a lower
DNA concentration than concatemerization. Average concatemer molecular weight
increases with concentration, while HCR molecular weight increases with r and is
unaffected by monomer concentration (Figure 2.4).
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Table 2.2: Average degree of polymerization and dispersity for lanes of the gel in
Figure 2.3 comparing products of concatemers to products of HCR.

Assembly
Method

Lane

Concatemer

1
2
3

HCR

4
5
6

Total DNA
Conc (µM)
0.5
1
2

DPn

DPw

13
28
33

29
50
55

r

DPn

DPw

10
20
30

36
55
58

57
84
90

Peak
DP
5
15
20
Peak
DP
55
95
100

D
2.14
1.78
1.68
D
1.11
1.08
1.08

Figure 2.4: Molecular weight of HCR products is independent of concentration Agarose
gel (1.5%) of HCR at various r with increasing concentration shows that molecular
weight of HCR products is independent of total DNA concentration.

15

Additionally, products of HCR have a much narrower molecular weight distribution than the products of concatemerization. Average concatemer molecular weight
can be controlled by DNA concentration, however the high mobility species are still
present, leading to a broad dispersity, >1.6 for all concatemer lanes. Such a high
dispersity is consistent with the theoretical dispersity of 2 for step polymerization. 24
The dispersites of HCR products are all ≤1.1, very narrow for supramolecular polymerization and comparable to the reported dispersity for other methods of living
supramolecular polymerization, 1.10 and 1.2 - 1.3 28;30 . As a comparison, the dispersity of non-living supramolecular polymerization is generally around 2. 22 The narrow
dispersity suggests that all chains are growing at the same time.

2.2.3

Reaction Kinetics

The reaction kinetics of HCR were briefly explored to compare to the theoretical
kinetics of living polymerization. Determination of the reaction kinetics is not used
to determine the polymerization mechanism, as there are assumptions made in the
derivation that are not necessary for a reaction to be classified as living. These
assumptions are that initiation is instantaneous compared to propagation, and that
the propagation reaction is irreversible. 24 To evaluate the validity of the assumption
of instantaneous initiation, the rate of initiation was measured using the decay of
fluorescence of a modified monomer. One of the monomers was modified with 2aminopurine (2AP). This modified base (a substitute for adenine) fluoresces when
single stranded, but its fluorescence is quenched upon hybridization. Fluorescence
of the modified monomer and a mixture of the two monomers (one modified) was
measured for 10 min, then initiator was added. The plot of 2AP fluorescence vs. time
is shown in Figure 2.5. There is a sharp drop in fluorescence at 10 min, coinciding with
the addition of initiator. The mixture of just initiator and excess modified monomer
shows this sharp drop at 10 min, then the fluorescence plateaus by approximately 20
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Figure 2.5: Fluorescence of 2-aminopurine modified monomer over time indicates that
initiation is effectively instantaneous. Initiator was added after 10 minutes. The black
line shows data for the monomer with 0.5 equivalent of initiator added. The red line
shows data for a equal mixture of the two monomers with 0.33 equivalent of initiator
added so that r=3. The sharp drop in fluorescence coincides with the addition of
initiator, indicating effectively instantaneous initiation.

min (10 min after the addition of initiator). There is a small difference between the
fluorescence at 10 min and 20 min, suggesting that the reaction is mostly complete
around 10 min. A similar trend is seen with the mixture of both monomers and
initiator. These results indicate that the assumption of rapid initiation is valid for
HCR.
Having validated the assumption of rapid initiation, the kinetics of HCR were
measured to compare to the theory of living polymerization. To make this comparison, the change in molecular weight over time was measured by terminating HCR at
several time points then measuring the molecular weight via gel electrophoresis. The
increase in molecular weight over time of HCR with r=10 is shown via agarose gel
electrophoresis in Figure 2.6. This gel image was analyzed using the custom analysis program to calculate the average molecular weight and degree of polymerization
(DP) at each time point. The number-averaged DP were plotted vs. time and fit with
the kinetic equations for living 42 , catalyzed step, and uncatalyzed 24 step polymeriza-
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Figure 2.6: The increase in molecular weight over time was measured to study HCR
kinetics. Agarose gel (2%) showing the increase in molecular weight over time for linear
HCR with r=10. HCR was stopped at each time point with a terminating strand. The
18 time points are: 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3, 4, 5, 7, 10, 15, 20, 30, 45, 60
minutes.

tion in Figure 2.7. The kinetic equations are displayed below the fits, with living
polymerization equation following an exponential form and the two step polymerization equations following a linear form. The data of DPn vs time is an exponential
shape. It is clear from the figure that the data fits the form of the kinetics for living
polymerization best due to its exponential shape.
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Living
DPn =

[M ]0
(1
f [I]0

− e−kapp t )

Catalyzed Step

Uncatalyzed Step

DPn = 1 + kapp [M ]0 t

DPn2 = 1 + 2kapp [M ]20 t

Figure 2.7: Comparison of the kinetics of HCR to living and step polymerization mechanisms shows that living polymerization kinetics are the best fit. DPn is the numberaveraged degree of polymerization, kapp is the apparent propagation reaction rate, f
is the percentage of reacted initiator, and [M ]0 and [I]0 are the initial concentrations
of monomer and initiator, respectively. The living polymerization kinetics fit the data
best.

2.2.4

Non-Ideality of System

With a larger than expected dispersity, HCR is not an ideal living polymerization.
The non-ideality of the system is likely due to some gel artifacts, but more so to
slow initiation and low activity of the initiator. The broadening of the dispersity is
partially caused by band broadening in gel electrophoresis due to overloading effects.
This artifact is most obvious in Figure 2.4 as the darkening at the edges of the lanes
that extends past the product bands. The apparent smearing of the bands cannot be
distinguished from the product in analysis, which broadens the apparent molecular
weight distribution. However, the larger effect on dispersity comes from the initiation
reaction. While HCR seems to follow the form of living polymerization kinetics,
initiation is not fast enough relative to propagation to start all polymer chains at the
exact same time. Evidence for this claim is shown in Figure 2.6, as multiple bands
are present after a short incubation time, indicating that multiple polymer chain
lengths are present in solution. Additionally, low initiator efficiency is indicated by
the difference in the degree of polymerization and the monomer to initiator ratio. In
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Table 2.2 the calculated degree of polymerization (DP) is higher than the monomer to
initiator ratio, r, suggesting the initiator has a low efficiency. Low initiator activity is
known to broaden the molecular weight distribution of living polymerizations. 43 While
the molecular weight distribution of HCR products is narrow, it is not consistent with
the low dispersity (<1.1) expected for ideal living polymerizations.

2.3

Conclusions

In conclusion, HCR has been demonstrated to be an example of living supramolecular polymerization. HCR is also a controlled polymerization, producing low dispersity supramolecular polymers whose molecular weight can be varied by the ratio of
monomer to initiator. The living nature of HCR provides evidence that the strategy
of intramolecular monomer restriction can be adapted to other monomer chemistries
to produce methods of living supramolecular polymerization. 30
The demonstrated control afforded by HCR can be used to create more complex
structures, such as bottlebrushes, of controlled size. Compared to available DNA selfassembly methods, HCR can be performed isothermally at room temperature instead
of by thermal annealing, using a relatively small number of distinct DNA sequences.
The ability to create controlled complex nanostructures by HCR would transform
the field of DNA nanotechnology. Further investigation into the creation of complex
structures via HCR is ongoing.

2.4

Materials and Methods

All oligonucleotide strands were purified via HPLC and obtained from IDT DNA.
All strands were conditioned separately before mixing using a BioRad MyiQ Thermal Cycler by first heating to 95◦ C for 10 minutes, then cooled rapidly to 20◦ C
and incubated at 20◦ C for at least one hour. Strands were mixed in buffer (50 mM
Na2 HPO4 /0.5 M NaCl, pH 6.8) by vortexing, then allowed to incubate at room tem-
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perature. Unless otherwise specified, incubation time was 24 hours. In a typical
HCR synthesis, addition order was: buffer, monomers, initiator. Initiator concentration was fixed at 0.02 µM with monomer concentration varied to achieve the specified
r. If terminator was added to a sample, terminator concentration was 10 times the
final concentration of initiator. Concatemer samples were prepared in 5 mM phosphate buffer at pH 7.6 (0.6 mM KH2 PO4 , 4.4 mM Na2 HPO4 ). The two concatemer
monomers were mixed at equimolar concentration and incubated at room temperature
for 2 hours before characterization via gel electrophoresis.
Agarose gel electrophoresis was run at a field strength of 6 V/cm in 1x TBE
buffer using SeaKem LE agarose. Gels were pre-stained with Lonza GelStar nucleic
acid stain (5 µL of stain per 50mL gel solution) and imaged under 302 nm light using
a UVP Benchtop UV Transilluminator with BioDoc-It Imaging System. Markers and
loading dye used in gel electrophoresis purchased from New England Biolabs (Low
Molecular Weight DNA Ladder, 1kb DNA Ladder, Purple Gel Loading Dye).
Fluorescence was measured on PTI fluorometer. Sample (200 µL in quartz cuvette) excited at 303 nm and emission spectra collected from 310 to 400 nm with 1
nm step, 1 second integration and 3 averages.

2.4.1

DNA Sequence Design

Stem 18 HCR strand sequences were originally reported in Dirks and Pierce 31
DNA sequences for the HCR polymers with a 14 bp stem were adapted from Dirks
and Pierce 31 by removing four bases from the stem sequence. Concatemer monomer
sequences were adapted from Sun and Åkerman 36 with the both complementary
sections reduced in size from 25 nt to 14 nt to match the stem length of the HCR
polymer.
All strands were checked for secondary structures and complementarity using the
IDT OligoAnalyzer tool. To check for secondary structure, the hairpin function was
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used to calculate the possible hairpin structures and their melting temperatures. The
calculated hairpin structures were compared to the designed structures to ensure
the desired hairpin (no hairpin in the case of the concatemers and initiators) was
the most stable. The self-dimer function was used to check for dimer formation.
With the HCR monomers, dimers are thermodynamically possible, therefore they
are expected using these calculations. With the concatemer monomers, self-dimers
should not form. Complementarity between strands was calculated using the heterodimer function. All possible combinations of strands were checked with this function
to ensure designed complementarity.
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Table 2.3: DNA Sequences for Chapter 2
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Strand
Monomer 1
Monomer 2
Initiator
Terminator
Concat1
Concat2
Stem 18 Initiator
Stem 18 Monomer 1
modified with 2AP
Stem 18 Monomer 2

Sequence
5-TTA ACC CAC GCC GAA TCC TAC AAA GTT AGG ATT CGG CGT G-3
5-TAG GAT TCG GCG TGG GTT AAC ACG CCG AAT CCT AAC TTT G-3
5-TAG GAT TCG GCG TGG GTT AA-3
5-TTA ACC CAC GCC GAA TCC TA-3
5-TCT CGG ACT AAC CCG TGA GAG TGC TGC T-3
5-GGG TTA GTC CGA GAA GCA GCA CTC TCA C-3
5’-AGT CTA GGA TTC GGC GTG GGT TAA-3’
5’-TTA ACC CAC GCC GAA TCC TAG ACT CA /i2AmPr/ AGT AGT CTA GGA TTC GGC
GTG-3
5’-AGT CTA GGA TTC GGC GTG GGT TAA CAC GCC GAA TCC TAG ACT ACT TTG-3’

CHAPTER 3
COMPLEX SUPRAMOLECULAR DNA
ARCHITECTURES BY HCR

3.1

Introduction

Complex nanostructure architectures are of great interest to the creation of bioinspired materials for applications such as drug delivery and biosensing. The complex
structures in these applications mimic natural structures and allow for increased functionality. Mimicking natural structures such as viral capsids can improve performance
in drug delivery applications. Biomimetic structures are also relevant for understanding disease. For example, the study of peptide self-assembly aids the understanding
of amyloid fibril formation. Complex architectures can increase the functionality of
nanostructures, allowing for the incorporation of several targeting moieties, increased
drug loading, and stimuli-response in the nanostructures.
While complex nanostructures are of great interest, the solution properties of
these structures are often not well understood. The synthetic techniques used to
create complex nanostructures often do not allow for easily controlled manipulation
of size and shape that would be necessary for systematic study of solution properties.
This work focuses on modifying a DNA supramolecular polymerization method to
create non-linear polymer architectures of controlled size and shape.
Supramolecular polymerization has been used to create complex polymer architectures. Hyperbranched and dendritic supramolecular structures have been created to incorporate reversible and stimuli-responsive functionality for applications in
biomedicine. 44;45 Supramolecular interactions have also been used to more easily synthesize star polymers by using the supramolecular interactions to control the assembly
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of covalent polymers. 46–48 This approach to the synthesis of star polymers aids the
assembly of miktoarm star polymers, or asymmetric star polymers whose arms vary
in chemical structure or molecular weight. 49;50 Despite these efforts, control over size
of these structures is a problem due to the dearth of controlled supramolecular polymerization reactions. 27 Using DNA supramolecular polymerization allows for more
control over the structure through the specificity of DNA hybridization reactions.
DNA self-assembly is well-known for creating complex nanostructures of precise
shapes and sizes. Assembly by the DNA origami technique results in well-defined
structures of arbitrary shape. 17 DNA tile-based assembly has lead to the creation
of large arrays 13;51 , nanotubes 52–54 , and gels. 55 Combining these two techniques has
recently lead to advances in the size of the structures that can be achieved, as well
as the 3D structural control. 56;57 While these techniques have been used to create
controlled structures, there is limited flexibility with regard to changing the size or
shape of the structure.
Supramolecular polymerization of DNA can create non-linear architectures that
combine the specificity of DNA hybridization with the greater design flexibility of
supramolecular polymerization. The hybridization chain reaction (HCR) is a supramolecular polymerization of DNA that has been shown to follow a living polymerization
pathway. 18 The living nature of HCR allows for control over the size of structures,
and modification of the design can be used to create non-linear polymer architectures.
In contrast to supramolecular polymerization and other techniques in DNA nanotechnology, there are few examples of HCR being used to assembly complex structures,
as research in HCR has mostly been application-driven. Many of the applications of
HCR have utilized its cascade of reactions to advantage in signal amplification 32 and
sensing, most notably of mRNA in vitro 33 and in vivo. 34 There are also examples of
HCR being employed to create drug delivery vehicles. 58–61 However, there has been
some work to make more complex structures by HCR in order to create drug carriers
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or increase signal in sensing applications . Synchronized HCR reactions have provided
ladder-like and ring structures 60 and nucleotide handles have been added to the linear
reaction to prepare reversible bottlebrushes. 62 The largest step away from the linear
structures has been the assembly of hyper-branched, dendrimer-like structures based
on HCR. These dendrimers were designed for signal amplification 14;15;63 , DNA-based
logic circuits 16 , and gene silencing. 64
The objective of this work is to prepare controlled non-linear supramolecular polymer architectures by HCR. Using the mechanistic understanding determined in Chapter 2, HCR strand design was modified to create bottlebrushes, star polymers, and
brush-arm star polymers. Assembly and control of these structures is verified by gel
electrophoresis and fluorescent end-group analysis. The choice of these structures,
specifically the star and brush-arm star structures, was inspired by the complex architectures being explored in the field of covalent polymer chemistry. Both bottlebrush
and star polymer architectures are of interest in polymer chemistry because of the
compact structure compared to linear polymers of the same molecular weight. 65;66
Synthesis of star polymers has expanded rapidly in the last few decades due to the
increase in the number of living polymerization synthetic routes. 66 The living nature
of HCR make it a logical choice for creating supramolecular star polymers. Building
upon the star polymer architecture, there have been a few examples of brush-arm
star polymers. 67–71 However, there are few examples of these complex polymer architectures due to the complexity of the synthetic routes. 66 Supramolecular interactions
have been used to create star polymers, but to the best of our knowledge, there are
no examples of star polymers whose arms are supramolecular polymers. Thus, HCR
star and brush-arm star polymers would be the first examples of these supramolecular polymer architectures. The size and shape of these structures is controlled by
stoichiometry of the oligonucleotides due to the living polymerization mechanism,
i.e. the width of the bottlebrush structure produced can be controlled by the ratio
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Figure 3.1: Illustration of the first design for creating bottlebrush polymers by HCR.
The mainchain is assembled by HCR, with a dangling end added to one monomer (red)
that will initiate sidechain HCR. After assembly of the mainchain, sidechain monomers
are added. The dangling end of the red mainchain monomer initiates sidechain HCR,
resulting in a bottlebrush structure.

of sidechain monomer to sidechain initiator strands independent of the mainchain
length.

3.2
3.2.1

Results and Discussion
Bottlebrush Formation

To create a bottlebrush structure by HCR, one monomer was modified to include
a sequence that initiates sidechain HCR to produce bottlebrush structures via a graftfrom design. The scheme for this multi-step reaction is shown in Figure 3.1. In the
first step, a linear HCR reaction with a modified monomer proceeds to create the
linear mainchain. After the mainchain HCR reaction, sidechain monomers are mixed
with the mainchain. The overhang of the modified monomer initiates HCR of the
sidechain upon addition of the sidechain monomers, producing bottlebrush structures.
However, introduction of the sidechain initiator sequence into the mainchain monomer
sequence hinders mainchain polymerization. The sidechain initator sequence is designed to not interact with the mainchain sequence through hybridization, which was
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Figure 3.2: Modification of the monomer to include the sidechain initiator sequence
significantly hinders HCR polymerization. An sgarose gel (1.5%) shows the molecular
weight vs time for HCR with unmodified monomer, A2 (no overhang), (left) and modified monomer, A2-BInit (24 nt overhang), (right). With A2, molecular weight plateaus
after 1 hour. However with A2-BInit, a lower molecular weight is observed compared to
HCR without overhang at all times points. In addition, band intensity is significantly
reduced with overhang as compared to no overhang, despite equal gel loading amounts.

confirmed by analysis with IDT OligoAnalyzer. Although the dangling sidechain initiator does not hybridize with the other strands, comparison of the HCR products
with 0 and 24 nucleotide (nt) overhang in Figure 3.2 shows that the inclusion of the
dangling sequence dramatically decreases the resulting molecular weight. With an
overhang of 24 nt, 24 hrs of incubation is insufficient for the linear mainchain polymers to reach the same molecular weight as the mainchain without the overhang.
Additionally, the intensity of the bands is reduced with the 24 nt overhang, despite
equal loading volumes in the lanes of both gels.
The decrease in molecular weight of HCR products with the introduction of the
overhang was demonstrated to be an effect of steric hindrance. Decreasing the size
of the overhang from 24 nt to 12 nt results in higher molecular weight for polymers
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with the short overhang monomer (Figure 3.3). The reduction in the hindering effect
with the reduction in the size of the dangling sequence suggests that the hindrance
is steric in nature. With 24 hrs of incubation, molecular weight of HCR polymers
with 0 and 12 nt overhang monomers is comparable. However, molecular weight
grows more slowly for the polymers with 12 nt overhang monomer than the molecular
weight of polymers with 0 nt overhang monomer. The decreased kinetics indicate that
there is still an observable steric effect of the overhang. Plotting the peak molecular
weight vs time for each overhang length in Figure 3.4 from Matlab analysis of the
gels in Figures 3.2 and 3.3 shows that there is little difference in the peak molecular
weight of HCR polymers with overhangs of 0 and 12 nt after a 24 hour incubation.
In contrast, the peak molecular weight of HCR polymers with an overhang of 24 nt
remains significantly lower throughout the incubation time studied.
Based on the steric hindrance results, the scheme to create bottlebrush polymers was redesigned to incorporate another step hybridizing a sidechain initiator to
the mainchain. The new bottlebrush scheme is shown in Figure 3.5a. The mainchain monomer α2 was redesigned with a new 12 nt overhang to hybridize with the
sidechain initiator. This overhang sequence was designed to reduce steric hindrance
while also biasing the system equilibrium towards hybridization of the sidechain initiator with the mainchain monomer’s overhang. While an overhang length of 12 nt
was shown to have a reduced effect on molecular weight, such a short sequence can
shift the equilibrium of hybridization between the overhang and the sidechain initiator
towards the unhybridized state. This is undesired for the creation of bottlebrushes,
as unhybridized sidechain initiator can result in free sidechain formation. As the
sequence length is reduced, the number of possible sequences with a favorable ∆G
of hybridization also reduces. Using NUPACK, an overhang of 12 nt was designed
whose free energy of hybridization with its complement is ∆G < -14 kcal/mol, sufficient for hybridization at room temperature. 72 This should be sufficient to bias the

29

Figure 3.3: The overhang of the modified monomer sterically hinders HCR polymerization, as demonstrated by comparison with the molecular weight of HCR products with
the unmodified monomer. The agarose gel (1/5%) shows the molecular weight vs time
for HCR with unmodified monomer, A2 (overhang length of 0 nt), (left) and modified
monomer, A2-12ov (overhang length of 12 nt), (right). HCR with A2-12ov results in
product of a similar molecular weight to HCR with A2, however that molecular weight
is not reached until an incubation time of 24 hours. Comparing this result to HCR with
A2-BInit (24 nt overhang) suggests that the monomer modification sterically hinders
HCR polymerization.
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Figure 3.4: Reducing the size of the monomer’s overhang reduces the steric effects on
the molecular weight of HCR products, as demonstrated by the plot of peak molecular
weight vs. time for overhang lengths of 0, 12, and 24 nt. Peak molecular weight of HCR
products with an overhang of 24 nt does not reach that of HCR with no overhang, even
after 24 hours of incubation. Reducing the size of the overhang to 12 nt leads to
an increase in peak molecular weight to approximately match that of HCR with no
overhang, however the size of the HCR products grows more slowly, likely due to the
steric hindrance of the overhang.
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(a)

(b)

Figure 3.5: Redesign of bottlebrush HCR successfully produces DNA bottlebrush polymers. a) Scheme of bottlebrush HCR redesign. Mainchain with a shortened overhang
is assembled by HCR. Then, a sidechain initiator is added that will hybridize with
the overhang. Sidechain monomers are then added, initiating sidechain HCR from the
sidechain initiator hybridized to the mainchain. b)Agarose gel (1.5%) showing the formation of bottlebrush structures. Lane 1, mainchain with overhang (rm =20); lane 2,
free sidechain of rs =10; lane 3, mainchain with overhang (rm =20) + sidechain initiator;
lane 4, bottlebrush of rm =20, rs =10. Comparing lanes 3 and 4, the decrease in mobility
in lane 4 indicates the presence of large structures that do not enter the gel, consistent
with bottlebrush formation.

equilibrium towards hybridization of the sidechain initiator with the overhang of the
monomer.
Reducing the size of the overhang on the modified monomer adds a step to the
HCR bottlebrush reaction. The first step in the reaction is the formation of mainchain
by HCR with the modified monomer. Next, the sidechain initiator with a complementary overhang sequence is incubated with the mainchain to allow hybridization
of the sidechain initiator to the mainchain overhang. Finally, sidechain monomer is
added and sidechain HCR is initiated off of the mainchain by the hybridized sidechain
initiator. The hybridization of the sidechain initiator with the mainchain and the for-
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Figure 3.6: The bottlebrush structure is not a mixture of mainchain and free sidechain,
as shown by 1.5% agarose gel electrophoresis. Lane 1, mainchain with overhang (rm =20)
+ sidechain initiator; lane 2, free sidechain of rs =10; lane 3, bottlebrush of rm =20,
rs =10.; lane 4, mainchain with overhang (rm =20) + free sidechain of rs =10. The absence
of product that has not entered the gel in lane 4 indicates that mixing mainchain and
free sidechain does not result in a larger structure.

mation of bottlebrush by this design is shown in Figure 3.5b. Comparing mainchain
with modified monomer of rm =20 (lane 1) and mainchain plus sidechain initiator
(lane 3) shows an expected decrease in mobility from lane 1 to lane 3. This mobility decrease is expected due to the hybridization of the sidechain initiator with each
modified monomer of the mainchain. The band at the top of lane 4 does not even
enter the gel, but is stuck in the well. This low mobility product in lane 4 is consistent with bottlebrush formation. By comparing mainchain of rm =20 with hybridized
sidechain initiator (lane 3) and bottlebrush of rm =20, rs =10 (lane 4) the absence of
the mainchain band in lane 4 indicates that all mainchains have been converted into
bottlebrushes. While the higher mobility band in lane 4 is not mainchain, it is likely
that this product is free sidechain.
The large structure that does not enter the gel is bottlebrush, not a mixture of
mainchain and sidechain. In Figure 3.6, the bottlebrush (lane 3) has a much lower
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Figure 3.7: Scheme showing the initiation of HCR from a star initiator. Four-arm
DNA star with HCR initiator sequences is assembled. Addition of monomers to the
star initiator structure forms four-arm star polymers by initiating HCR from the end
of each arm.

mobility than that of a mixture of mainchain and sidechain (lane 4). This comparison
of lanes 3 and 4 shows that the bottlebrush structure cannot be created by simply
mixing mainchain and free sidechain. Comparison of lanes 1, 2, and 4 in Figure 3.6
indicates that mainchain and free sidechain do not interact, as the bands for mainchain
(lane 1) and free sidechain (lane 2) are visibly distinct in the mixture (lane 4).
The evidence in Figures 3.5b and 3.6 shows large structures formed by HCR that
do not enter the agarose gels. The formation of these large structures is consistent
with bottelbrush formation by modification of HCR monomers.

3.2.2

Star Polymers

To create supramolecular star polymers with HCR, a four-armed DNA star design
was modified to include HCR initiator sequences on each arm. The scheme of the
HCR star polymer reaction is shown in Figure 3.7. Addition of monomers to the
assembled star initiator results in supramolecular star polymers by initiating an HCR
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reaction from the end of each arm of the star. Assembly of the star without and with
HCR initiator sequences is verified by PAGE, shown in Figure 3.8b,c, respectively.
In both Figure 3.8b and c, comparison across all lanes shows the creation of a larger
structure upon addition of an increasing number of strands. Comparison of lanes
1 and 4 in both gels shows the significant decrease in mobility consistent with star
formation. In Figure 3.8b, the star without HCR initiator sequences, there is only one
band in lane 4, indicating the formation of the DNA star with a very high yield as no
smaller structures are at a high enough concentration to be visualized on the gel. By
comparison, there are some smaller structures visible in lane 4 of Figure 3.8c, the star
with HCR initiator sequences. There are smaller structures that appear in lane 4 that
could be single strands, dimers, or trimers. However, the most intense band is the
lowest mobility band associated with star formation. Due to the significant difference
in intensity between the full star and the smaller structures, the smaller structures
were considered to have negligible impact on the creation of supramolecular star
polymers by HCR. Having shown that the two extremes, all strands without initiator
and all strands with initiator, both result in star formation, the confirmation of star
formation with 1, 2, or 3 initiator strands by gel electrophoresis would be redundant.
Having shown that the star initiator assembles, the formation of supramolecular
star polymers proceeded as shown in Figure 3.7. First, HCR star initiator was assembled by thermal annealing. Then HCR monomers were added to the star initiator and
the structures were incubated overnight to create the supramolecular star polymers.
HCR proceeds in the same manner as from a linear initiator.
Independent control over the polymerization of each arm of the star polymer
was achieved and is shown in Figure 3.9. The polymerization of each arm of the
supramolecular star polymer can be controlled by the number of strands of the star
that include HCR initiator sequences. Comparison of lanes 0 and 1 in Figure 3.9b
shows that HCR was successfully initiated by the star initiator with 1 initiator se-
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Figure 3.8: Assembly of DNA stars for initiation of HCR verified by PAGE. a)Design
of star initiator for HCR. b-c) 15% PAGE showing the assembly of the star b) without
the initiator sequences and c) with initiator sequences. The number above the lane
indicates the number of arm strands mixed together, with 4 arm indicating the full
star assembly. The presence of only one intense band in lane 4 of both gels confirms
assembly of stars.

quence. The decrease in mobility from lane 0 to lane 1 suggests the formation of a
much larger structure, consistent with HCR. Comparison of lanes 1-4 in Figure 3.9b
shows that the number of arms initiating HCR was controlled by the structure of the
star initiator. By increasing the number of arms with initiator sequences, the star size
increases. Plotting the calculated peak molecular weight of the stars vs. the number
of initiating arms in Figure 3.9c shows a roughly linear increase in molecular weight
with the number of initiating arms. Molecular weight calculations were performed
using a custom Matlab program described in Appendix A. Structures were created
with the same monomer to initiator ratio per arm, so increase in size is from an
increase in the number of long arms of the star, not from an increase in size of the
arm. This agarose gel evidence verifies the assembly of DNA star polymers by the
modification of HCR.
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(b)

(c)
(a)

Figure 3.9: Demonstration of independent control over the growth of each arm of the
star. a) Shows the expected structure of the sample in each lane of the 1.5% agarose
gel in b), with the first lane showing a star with no HCR polymerization. From left to
right, each lane has one more arm initiating HCR than the previous, from 1 - 4 arms.
c) shows the peak molecular weight of each lane vs the number of arms initiating HCR.
The increase in molecular weight with each additional arm initiating HCR demonstrates
the independent control over HCR growth from each arm of the star.
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Figure 3.10: Scheme showing creation of brush-arm star polymers (BASP) using HCR.
BASP are formed in a multi-step reaction, with the assembly of the star initiator as
the first step. Mainchain (α) monomers are added to the star initiator and incubated
to create the star polymer mainchain. Sidechain (β) initiator is then added to the
star polymer to react with the overhang on the α monomer. After incubation with β
initiator, β monomers are added to create the sidechain off of the star polymer, resulting
in the BASP structures. Note that the sketch of the BASP structure is a 2D projection
of a 3D structure. Sidechains close to the center of the structure are not smaller than
those further away from the star, but are coming in and out of the page.

3.2.3

Bottlebrush-Arm Star Polymers

Supramolecular brush-arm star polymers (BASP) were created by combining the
monomer modification for bottlebrush creation from Section 3.2.1 and the initiator
modification for star polymer creation from Section 3.2.2. As shown in Figure 3.10,
HCR is initiated with a 4-arm star initiator and overhang-modified monomers. After
the creation of the star polymers with overhangs, sidechain initiator and monomers
are added to initiate sidechain HCR from the mainchain star polymer. The resulting
structure is a supramolecular DNA star polymer with bottlebrush arms shown in
Figure 3.10 as a 2D projection of a 3D structure.
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Creation of BASP structures is shown by gel electrophoresis in Figure 3.11b. Lane
1 is linear HCR with overhang-modified monomers initiated by stars with 1 initiator
strand (rm =10). The structure in lane 2 was created by adding sidechain initiator
and monomers to the sample from lane 1 (rs =10). Comparing lanes 1 and 2 shows
the formation of a low mobility structure consistent with bottlebrush formation seen
in Section 3.2.1. In lane 3 is linear HCR with overhang-modified monomers initiated
by stars with 4 initiator strands (rm =10). The sample in lane 4 was created by
adding sidechain initiator and monomers to the sample from lane 3 (rs =10). Again,
comparing lanes 3 and 4 shows the formation of a low mobility structure consistent
with a BASP. However, the structures in lanes 2 and 4 cannot be compared because
neither enters the gel. Therefore, the difference in mobility indicating the formation
of BASP in lane 4 cannot be verified with these samples.
To compare BASP initiated by 1- and 4-initiator stars, the length of the mainchain
and the sidechain, indicated by rm and rs , were reduced so that the structures enter
the gel. Reducing rm and rs to 3 allowed the structures to enter the gel, shown in
Figure 3.11c. This low ratio broadens the dispersity of the gel bands because the
structures are better described as oligomers, not polymers. But this low ratio allows
the samples to enter the gel, demonstrating the difference between BAPS initiated
by 1- and 4-initiator stars. Comparing lanes 1 and 2 again shows the formation of
bottlebrush polymers from 1-initiator stars. The difference in mobility between lanes
3 and 4 shows the formation of BASP from 4-initiator stars. Comparing lanes 2 and
4, there is a clear reduction in mobility with 4-initiator stars (lane 4) relative to 1initiator stars (lane 2). This difference in mobility suggests that all arms are forming
bottlebrush structures. From this result, it follows that higher rm and rs will also lead
to BASP with increased molecular weight but the same complex architecture.
By fluorescently labeling the end groups, the difference in structure between star
polymers and BASP was demonstrated using fluorescent end-group analysis. The
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(a)

(b)

(c)

Figure 3.11: Formation of bottlebrush-arm stars by HCR consistent with agarose gel
electrophoresis results. a) Structures loaded into the gels. b) 1% agarose. The structures shown in a) are loaded in each lane with rm =10 and rs =10. Large structures
not entering the gel are observed in lanes 2 and 4, indicating the formation of large
structures consistent with BASP formation. c) 1% agarose. The structures shown in
a) are loaded in each lane with rm =3 and rs =3. Comparing lanes 2 and 4, much larger
structures are observed in lane 4, demonstrating the different in size between 1- and
40
4-arm BASP structures in lanes 2 and 4, respectively.

general design of the terminator is shown in Figure 3.12a. For end-group analysis, a terminator was designed to fluoresce while terminating HCR polymers but to
have significantly reduced fluorescence when not hybridized as an end-group. This
functionality was produced by designing a terminator modified with 2-aminopurine
(represented by pink dot in Figure 3.12) that would be kinetically trapped in hairpin form until the termination reaction. The modified base 2-aminopurine fluoresces
when single-stranded but has its fluorescence significantly quenched when hybridized.
In the general terminator design, the 2-aminopurine is designed to be part of the stem
of the terminator hairpin to achieve the desired fluorescence response.
Multiple terminator sequence designs were tested to ensure termination of the
HCR chain with the designed fluorescence response. Four different sequences were
designed with different loop, overhang, and stem lengths as well as mismatches. Designs 1,2, and 4 all have a loop of length 6 nt, all thymine in order to terminate HCR.
Design 3 has a loop of length 7 nt that should also terminate the reaction, as it should
not open the next monomer in the chain reaction. Design 3 also has a shortened stem
length of 11 nt, while design 1 has a stem length of 14 nt. Designs 2 and 4 include
a single mismatch in the stem, reducing the stem length to 13 nt. The success of
these terminator designs was tested by adding them to a linear HCR reaction after
10 seconds of incubation, with the results shown in Figure 3.12b. Comparing the
control terminator (design from Lanier and Bermudez 18 ) in lane 1 to the results from
the various terminator designs in lanes 2-5, terminator designs 1 and 4 successfully
terminate HCR, while designs 2 and 3 fail to do so. To ensure the quenching of terminator fluorescence when not terminating HCR, the kinetic trapping of the terminator
hairpins was tested. Terminator designs 1 and 4 were conditioned and run in PAGE
to determine whether all of the strands were kinetically trapped in hairpin form after
conditioning. The PAGE gel is shown in Figure 3.12c. Unconditioned samples were
run in lanes marked U, with the strand marked above the lane as α for the control
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Figure 3.12: Design of fluorescently labeled terminators successfully terminate both α
and β HCR. a) Design of fluorescently labeled terminator (purple) that fluoresces when
single-stranded due to the substitution of 2-aminopurine (pink) in sequence. b) Test
of terminator designs on 2% agarose. Lane 1 is the positive control using a terminator
designed in Chapter 2. Lanes 2-5 are different terminator sequences. Lane 6 is unterminated HCR. Terminator designs 1 and 4 successfully terminate HCR chain growth.
c) 15% PAGE testing the conditioning of terminator designs 1 and 4. α monomer was
run the first two lanes. Lanes marked U are unconditioned and lanes marked C are
conditioned. T1 indicates terminator design 1, while T4 indicates terminator design 4.
In U lanes, a lower mobility band is visible just below 50 bp, indicating the presence of
dimers. This dimer band disappears with conditioning for α and T1 but is present for
conditioned T4. This indicates that conditioning eliminates dimers for α and T1 but
not for T4. d) Agarose (1.5%) gel showing the successful termination of sidechain (β)
HCR. Lane 7 is a linear β HCR terminated after 30 seconds. Lane 8 is the same linear
β HCR unterminated.
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monomer, T1 for terminator design 1, and T4 for terminator design 4. In these lanes
a dimer band (lower mobility band) is present in addition to the hairpin band (higher
mobility band), as expected. Conditioned samples were run in lanes marked C with
the strand noted as previously described. In these lanes, the dimer band disappears
for α monomer and terminator design 1 (T1) but is still visible for terminator design
4 (T4). This result indicates that the dimers are still present with terminator design
4 after conditioning, but conditioning of terminator design 1 results in strands only in
hairpin form. The design of terminator design 1 was mimicked to create a terminator
for the β sequence. Testing the β terminator verified that it successfully terminates
HCR, as shown in Figure 3.12d.
To demonstrate that the fluorescence of the terminator is independent of molecular weight, linear HCR (α sequence) samples were prepared at varying monomer
to initiator ratios and terminated using the fluorescent terminator. The fluorescence
spectra, shown in Figure 3.13, is approximately equal at a r = 5 and 10. This demonstrates that the fluorescence of the terminator is independent of molecular weight.
This outcome is expected, as the number of end groups is dependent on the initiator
concentration, which was constant between the samples.
The terminator fluorescence of star polymer and BASP of comparable molecular
weight was compared to determine the difference in the number of end groups. An
idealized figure of the samples prepared is shown in Figure 3.14a. Star polymer was
prepared with rarm = 10, and BASP was prepared with rα,arm = 3 and rβ,arm = 9.
The sidechains of the BASP were terminated, so the BASP sample should have three
times the number of end groups as the star polymer sample. After correcting for
background fluorescence of the conditioned terminator, the fluorescence of the BASP
structure shown in Figure 3.14b is significantly higher than that of the star polymer.
However, the increase in fluorescence for the BASP structure is not 3x higher than the
fluorescence of the star polymer. This discrepancy is likely due to the close proximity
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Figure 3.13: Fluorescence of terminator is independent of chain length. Fluorescence
spectra of terminated HCR at r = 5 and 10. The peak fluorescence at 363 nm is approximately equal for both ratios, demonstrating that the fluorescence of the terminator is
independent of chain length.

of fluorophores in the BASP structure causing some nonradiative decay. The increase
in terminator fluorescence between the star polymer and the BASP is consistent with
an increase in the number of chain ends, suggesting BASP structure formation occurs
as designed.

3.3

Conclusions

In conclusion, the creation of complex, non-linear polymer architectures by HCR
has been verified by gel electrophoresis and fluorescent end-group analysis. Independent control over the shape of the architectures was demonstrated, such as the number
of arms initiating HCR from the star initiator. Coupled with the control over size
afforded by the living nature of HCR, this isothermal assembly method can be used
to create complex nanostructures whose size and shape can be controlled without
fundamental change to the sequence design. This ability to create controlled complex
nanostructures isothermally using a small number of DNA sequences has the potential
to transform the field of DNA nanotechnology. This self-assembly method also has the

44

(a)
(b)

Figure 3.14: Increase of terminator fluorescence with BASP vs. star polymer is consistent with creation of BASP. a) Star polymer and BASP prepared with approximately
the same molecular weight, distributed as shown. b)Fluorescence spectra of star polymer and BASP corrected for conditioned terminator fluorescence. The fluorescence of
the BASP is higher than that of the star polymer, but not the expected 3x higher. The
difference in the expected increase and the experimental result is probably due to the
close proximity of fluorophores when in the BASP structure affecting the fluorescence
intensity.

potential to increase the understanding of structure-function relationships in nature
and in biomimetic materials through the creation of controllable model structures for
study. By creating model structures with HCR, complex polymer architectures with
controlled size and shape could be created to study the solution dynamics, such as
radius of hydration and radius of gyration. Such a study could be done to develop
models for the behavior of complex polymer architectures such as BASPs based on
their shape. Apart from increasing understanding of complex polymer physics, HCR
could be further modified to create more complex structures, including anisotropic
nanoparticles, with relatively straightforward synthetic pathways.

3.4

Materials and Methods

All oligonucleotide strands were obtained from IDT DNA. Oligonucleotide strands
were bought purified by HPLC, with the exception of the star initiator strands and
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test terminator strands. DNA sequences are reported in Table 3.1. All strands
were conditioned separately before mixing using a BioRad MyiQ Thermal Cycler by
first heating to 95◦ C for 10 minutes, then cooled rapidly to 20◦ C and incubated at
20◦ C for at least one hour. Strands were mixed in buffer (50 mM Na2 HPO4 /0.5 M
NaCl, pH 6.8) by vortexing, then allowed to incubate at room temperature. Unless
otherwise specified, incubation time for HCR was 24 hours. For bottlebrush and
BASP, sidechain initiator incubation was 1 hour. In a typical HCR synthesis, addition
order was: buffer, monomers, initiator.
Agarose gel electrophoresis was run at a field strength of 6 V/cm in 1x TBE buffer
using SeaKem LE agarose. Agarose gels were pre-stained with Lonza GelStar nucleic
acid stain (5 µL of stain per 50mL gel solution). Polyacrylamide gels were handcast
using 40% acrylamide (19:1 acrylamide:bisacrylamide) from Acros Organics with a
width of 1 mm. PAGE was run at a field strength of 10 V/cm in 1x TBE buffer.
Gels were post-stained with Lonza GelStar nucleic acid stain (2 µL of stain in water,
stained for 30 minutes). All gels imaged under 302 nm light using a UVP Benchtop
UV Transilluminator with BioDoc-It Imaging System. Markers and loading dye used
in gel electrophoresis purchased from New England Biolabs (Low Molecular Weight
DNA Ladder, 1kb DNA Ladder, Purple Gel Loading Dye).
Fluorescence was measured on PTI fluorometer. Sample (200 µL in quartz cuvette) excited at 303 nm and emission spectra collected from 310 to 400 nm with 1
nm step, 1 second integration and 3 averages. Same cuvette used for all samples,
with cuvette washed with soapy water and rinsed with water and acetone between
samples.

3.4.1

DNA Sequence Design

DNA sequences were designed using previously reported or designed sequences
and the NUPACK online software suite available at http://www.nupack.org/. The
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mainchain design (stem 18, A strands) used for overhang steric hindrance study was
adapted from Dirks and Pierce 31 . The mainchain design used for all other structures (stem 14, α strands) was adapted from Lanier and Bermudez 18 . The sidechain
sequence (stem 18, B strands) was designed using NUPACK by inputting desired
secondary structure for one monomer at room temperature. This monomer sequence
was used to create the sequences of the initiator and complementary monomer, as
the complementarity of the sequences is prescribed by the HCR scheme. To adapt
to the stem 14 sequence (β strands), four nucleotides were removed from the stem of
the B monomers. The overhang connecting the sidechain (β) to the mainchain (α)
was designed using NUPACK to decrease the free energy of hybridization in order to
bias the equilibrium structure towards the hybridized state. The core star sequence
was adapted from a design by undergraduate researcher Robert Wong. Each arm
of the star is 14 bp long, with no unpaired nucleotides at the vertices to decrease
vertex flexibility. Strands that form the star without the HCR initiator sequence
are denoted with ’-ni’. Initiator sequences were added to the 5’ end of the strands
to initiate HCR. Star strands are named with the HCR sequence they initiate, α or
β. For the fluorescing terminator design, monomers were redesigned with a different
loop sequence, mismatches, decreased stem/loop length, or a combination of these
changes.
All strands were checked for secondary structures and complementarity using the
IDT OligoAnalyzer tool. To check for secondary structure, the hairpin function was
used to calculate the possible hairpin structures and their melting temperatures. The
calculated hairpin structures were compared to the designed structures to ensure the
desired hairpin (no hairpin in the case of initiators) was the most stable. The selfdimer function was used to check for dimer formation. With the HCR monomers,
dimers are thermodynamically possible, therefore they are expected using these calculations. Complementarity between strands was calculated using the hetero-dimer
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function. All possible combinations of strands were checked with this function to ensure designed complementarity. Off-target complementarity was found, but sequences
with six or less complementary bases in a row were considered insignificant to desired
structure formation.
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Table 3.1: DNA Sequences for Chapter 3
*2AP denotes 2-aminopurine

Strand

Sequence

αInit

5-TAG GAT TCG GCG TGG GTT AA-3’

α1

5-TTA ACC CAC GCC GAA TCC TAC AAA GTT AGG ATT CGG CGT G-3’

α2

5-TAG GAT TCG GCG TGG GTT AAC ACG CCG AAT CCT AAC TTT G-3’

α2-12ov

5-GGG TGT TAG GGC TAG GAT TCG GCG TGG GTT AAC ACG CCG AAT CCT AAC
TTT G-3’
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αTerminator-design1

5-TAG GAT TCG GCG TGT TTT TTC ACG CCG AAT CCT AAC TTT G-3’

αTerminator-design2

5-TTA GGA TTC GAC GTG TTT TTT CAC GCC GAA TCC TAA CTT TG-3’

αTerminator-design3

5-TTA GGA TTC GGA AAC ACG CCG AAT CCT AAC TTT G-3’

αTerminator-design4

5-TAG GAT TCG ACG TGT TTT TTC ACG CCG AAT CCT AAC TTT G-3’

αTerminator-2AP

5-TAG G2APT TCG GCG TGT TTT TTC ACG CCG AAT CCT AAC TTT G-3’

AInit

5’-AGT CTA GGA TTC GGC GTG GGT TAA-3’

A1

5-TTA ACC CAC GCC GAA TCC TAG ACT CAA AGT AGT CTA GGA TTC GGC GTG-3’

A2

5’-AGT CTA GGA TTC GGC GTG GGT TAA CAC GCC GAA TCC TAG ACT ACT TTG-3’

Strand

Sequence

A2-BInit

5-CAC CGG CTA GCT CCC ACC ATG CAC AAA GTC TAG GAT TCG GCG TGG GTT
AAC ACG CCG AAT CCT AGA CTA CTT TG-3’

A2-12ov

5-CAC CAT GCA CAA AGT CTA GGA TTC GGC GTG GGT TAA CAC GCC GAA TCC
TAG ACT ACT TTG-3’
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B1

5’-GTG CAT GGT GGG AGC TAG CCG GTG GTC CGG CAC CGG CTA GCT CCC ACC-3’

B2

5’-CAC CGG CTA GCT CCC ACC ATG CAC GGT GGG AGC TAG CCG GTG CCG GAC-3’

βInit-12ov

5-GCC CTA ACA CCC ACA GCC CGA AAC AAA GTG CG-3’

β1

5-AGA GGC CGC ACT TTG TTT CGA CAG CCC GAA ACA AAG TGC G-3’

β2

5-CGA AAC AAA GTG CGG CCT CTC GCA CTT TGT TTC GGG CTG T-3’

βTerminator

5-AGA GGC CGC ACT TTG TTT CGT TTT TTC GAA ACA AAG TGC G-3’

βTerminator-2AP

5-AGA GGC CGC ACT TTG TTT CGT TTT TTC GAA AC2AP AAG TGC G-3’

αstar1

5-TAG GAT TCG GCG TGG GTT AAC ACG CTG TCC TAA CCA TGA CCG TCG AAG-3’

αstar2

5-TAG GAT TCG GCG TGG GTT AAC TTC GAC GGT CAT GCG GCC GCG GCA CCG-3’

αstar3

5-TAG GAT TCG GCG TGG GTT AAC GGT GCC GCG GCC GGA CTA GAT CAG AGG-3’

αstar4

5-TAG GAT TCG GCG TGG GTT AAC CTC TGA TCT AGT CGT TAG GAC AGC GTG-3’

αstar1-ni

5-CAC GCT GTC CTA ACC ATG ACC GTC GAA G-3’

αstar2-ni

5-CTT CGA CGG TCA TGC GGC CGC GGC ACC G-3’

Strand

Sequence

αstar3-ni

5-CGG TGC CGC GGC CGG ACT AGA TCA GAG G-3’

αstar4-ni

5-CCT CTG ATC TAG TCG TTA GGA CAG CGT G-3’

βstar1

5-CGA AAC AAA GTG CGG CCT CTC ACG CTG TCC TAA CCA TGA CCG TCG AAG-3’

βstar2

5-CGA AAC AAA GTG CGG CCT CTC TTC GAC GGT CAT GCG GCC GCG GCA CCG-3’

βstar3

5-CGA AAC AAA GTG CGG CCT CTC GGT GCC GCG GCC GGA CTA GAT CAG AGG-3’

βstar4

5-CGA AAC AAA GTG CGG CCT CTC CTC TGA TCT AGT CGT TAG GAC AGC GTG-3’
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CHAPTER 4
EFFECT OF NANOPARTICLE STIFFNESS ON CELL
UPTAKE

4.1

Introduction

Nanoparticles (NP) are of great interest as drug carriers in nanomedicine, with
countless examples being investigated for use in treating human disease. For the rational design of NPs for drug delivery, the physiochemical properties of size 73 , shape 74–76
and surface chemistry 77;78 have been well-studied to determine design parameters for
drug delivery applications. There have also been efforts to study the interplay of multiple physiochemical properties on drug delivery, but the focus remains on shape, size
and surface chemistry. 79 However, the effect of nanoparticle stiffness on drug delivery
has remained largely unexplored. The objective of this study is to understand the
effect of stiffness on cell uptake independent of nanoparticle size and shape.
In recent years, there has been an increasing focus on studying the mechanical
properties of biological systems. It is well known that substrate stiffness affects stem
cell differentiation. 80 The stiffness of viral particles has been of interest in the virology community for years. 4 The emergence of the field of mechanobiology has inspired
interest in understanding how nanoparticle mechanical properties can be rationally
designed for drug delivery applications. Studies on the effect of NP mechanical properties on cell uptake show an increase in uptake with increasing NP modulus, consistent with results from in vivo studies reporting increased circulation time for softer
nanoparticles. 81–83 Simulations of the membrane wrapping of nanoparticles indicate
a decrease in wrapping efficiency of soft nanoparticles due to their deformability. 84
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Generalization across the experimental studies is complicated by the different mechanical ranges studied in each, with a range of 18-211 kPa in Banquy et al. 81 , 10
kPa to 3 MPa in Anselmo et al. 82 and 704 kPa to 9.7 GPa in Hui et al. 83 . Additionally, there are some issues with the mechanical characterization due to the difficulty
of nanomechanical characterization. With the use of AFM nanoindentation, moduli
are calculated from only five to ten force-indentation measurements. 81;83 In Anselmo
et al. 82 , bulk modulus measurements are reported with no nanomechanical characterization. So while there is evidence to suggest that mechanical properties play a
role in how nanoparticles perform as drug carriers, understanding is complicated by
the challenges of nanomechanical characterization and varying mechanical properties
separate from other physiochemical properties.
The objective of this study is to evaluate the effect of NP stiffness on cell uptake
without varying other physical properties. To understand this effect, DNA NPs were
created with stiffness varied by introducing intercalating molecules. A technique was
developed to measure the stiffness of these NPs utilizing Förster resonance energy
transfer and osmotic pressure. After measuring the stiffness of the NPs, their uptake
into immune cells was measured.

4.2
4.2.1

Results and Discussion
Nanoparticle Assembly

In selecting a DNA nanoparticle design for this study, size, shape, and design
flexibility were considered the most important selection criteria. Structures in the
range of 50-100 nm in diameter are of interest due to their relevance in drug delivery
applications and size range matching that of viruses. An isotropic shape was targeted to prevent anisotropy from affecting mechanical characterization. With regard
to design flexibility, structures assembled in a tile-based design were favored over
origami designs due to the relative ease of design modification of the former. Design
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Figure 4.1: Tile assembly of pentakis dodecahedron (PD) structure. (Left) Pentakis dodecahedron (PD) structure is a dodecahedron with a pentagonal pyramid on each face.
Image adapted from image by Maxim Razin, distributed under GNU Free Documentation license. (Center and Right) Star tiles designed to assemble into PD structure.
(Center) Five-arm star (D5) hybridizes with three arms of the six-arm star (A6). (Left)
Six-arm star, alternating arms hybridize with arms of D5 (b) and arms of other A6
(a/a’). Star tile placement in PD is highlighted, with D5 in blue and A6 in pink.

modification will be necessary for fluorescent labeling and the inclusion of targeting
moieties.
Using these criteria, a pentakis dodecahedron (PD) structure was chosen as the
DNA nanoparticle for this study from Tian et al. 12 Geometrically, PD is a dodecahedron with a pyramid on each face (Figure 4.1). This structure is created by the
assembly of 5- and 6-arm star tiles to form a structure approximately 80 nm in diameter. 12 . This shape is a wireframe approximation of a sphere when assembled from
DNA in solution, meeting the criterion for an isotropic shape.
Assembly of the PD structure was achieved by a two-step annealing process and
verified by gel electrophoresis. First the two star tiles were annealed separately, then
the stars were mixed together and annealed at a lower temperature. In Figure 4.2
the absence of the D5 and A6 bands in the PD lane, particularly in PAGE, indicates
the formation of large structures consistent with PD and literature. 12 Attempts to
image the intact PD structure by atomic force microscopy (AFM) were unsuccessful
due to the structures’ collapse on the mica surface during adsorption for imaging.
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Figure 4.2: Gel electrophoresis verification of DNA PD assembly. Left: Gradient PAGE
2.5-5% in TAE-Mg. Right: Agarose gel in TAE-Mg. In both gels, the absence of the
D5 band in the PD lane indicates assembly of the large PD structure.

However, the wireframe structure of the star tiles making up PD are observed, as
shown in Figure 4.3. The wireframe structure in addition to the gel electrophoresis
data verifies the assembly of the desired nanoparticle structure.

4.2.2

Nanoparticle Stiffness Characterization

In order to characterize nanoparticle stiffness, a technique was developed combining osmotic pressure and Förster resonance energy transfer (FRET). This technique
was developed to provide an ensemble technique for measuring nanoparticle stiffness
as an alternative to single-particle techniques such as optical tweezer techniques and
AFM. In this technique, compressive force is applied by osmotic pressure through the
addition of a non-interacting polymer. Osmotic pressure has been used as a method
for applying compressive force to measure forces on the macromolecular scale. 85 Displacement due to osmotic pressure is measured by FRET, as FRET can be used to
measure distances smaller than 10 nm. Measuring displacement due to compression
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Figure 4.3: AFM image showing the wireframe structure of PD. The wireframe structure
is visible in this fragment of PD. The height of the structure is consistent with doublestranded DNA.

allows for the calculation of an effective spring constant, k, from the force, F, and
displacement, d, by assuming the structure is being compressed in the linear elastic
region using the Hookean spring model k =

F
.
d

In our system, PEG 6000 was used to exert osmotic pressure on nanoparticles.
Due to the non-ideality of the solution, osmotic pressure of the PEG 6000 solution
was calculated using the empirical equation Equation (4.1) from Parsegian et al. 85

log[Π(w)] = 1.607 + 2.795w0.21

(4.1)

Displacements due to compression are measured by FRET. FRET is a nonradiative pathway to release energy that can occur between molecules in a FRET
pair. If the donor fluorophore is excited and is close enough to an acceptor molecule,
a portion of the energy can be released by fluorescence resonance between the two
fluorophores. This can only occur if there is overlap in the spectra of the donor and
acceptor, shown in Figure 4.4, such that the emission of the donor overlaps with the
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Figure 4.4: Spectral overlap of FRET pair donor (Cy3) and acceptor (Cy5). Overlap of
donor emission and acceptor excitation spectra is necessary for FRET to occur. Figure
from Held 86 .

excitation of the acceptor. In the case that the acceptor is also a fluorophore, energy
will be released by the acceptor through fluorescence as well. Practically, this effect
is observed as a decrease in the intensity of donor fluorescence accompanied by an
increase in acceptor fluorescence, as shown in Figure 4.5. Both samples were excited
at the donor’s peak excitation wavelength. The observance of acceptor fluorescence
indicates that FRET is occurring.
Displacement can be measured by FRET because the efficiency of the energy
transfer between fluorophores is highly sensitive to distance. Practically, FRET is observed as a decrease in the intensity of donor fluorescence accompanied by an increase
in acceptor fluorescence, as shown in Figure 4.5. Using Equations (4.2) and (4.3),
FRET efficiency (E) can be calculated from the decrease in donor fluorescence or the
increase in acceptor fluorescence, respectively. 87 In Equation (4.2), Fda is the donor
fluorescence intensity in the presence of the acceptor and Fd is the donor intensity in
the absence of the acceptor. In Equation (4.3), εad is the absorbance of the acceptor in
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Figure 4.5: Fluorescence spectra showing successful FRET on control DNA structure.
The fluorescence spectra of PD with just donor and with both donor and acceptor
shows the FRET effect of including the acceptor, as donor fluorescence (peak at 563
nm) decreases with and acceptor fluorescence (peak at 662 nm) increases. Both samples
were excited at donor peak excitation wavelength.

the presence of the donor and εad is the absorbance of the donor in the presence of the
acceptor, with both being measured at the donor’s excitation peak wavelength, λ1 ;
Fad and Fa are the fluorescence intensities of the acceptor in the presence and absence
of the donor, respectively, both measured at the acceptor’s emission peak wavelength,
λ2 . FRET efficiency can be used to quantitatively determine the distance between
the donor and acceptor (R) using Equation (4.4), with efficiency determined by the
fluorescence and Förster radius (R0 ) of the FRET pair. The distance dependence
of FRET efficiency limits the range of distance accuracy, as shown in Figure 4.6.
Because the efficiency is dependent on R6 , distances can be accurately determined
0.5R0 < R < 2R0 . 88 Practically, the working range of FRET efficiencies is 10 - 90%.

E =1−
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Fda
Fd

(4.2)

Figure 4.6: Theoretical FRET efficiency vs distance. This curve shows that FRET can
only be used to accurately measure distances within a range of efficiency between 10 90%. Figure adapted from Lakowicz 89



εad (λ1 ) Fad (λ2 )
E=
−1
εda (λ1 ) Fa (λ2 )

(4.3)

R0 6
E=
R0 6 + R 6

(4.4)

Determining the background fluorescence of the system is essential, therefore the
fluorescence of PEG was measured. As expected, PEG does not fluoresce when excited
at 550 nm, as shown in Figure 4.7. The absence of fluorescence of PEG in the assembly
buffer was consistent across all PEG concentrations used in this study.
Before beginning FRET experiments with the larger structure, a control structure was developed to ensure the FRET design worked in a linear structure before
testing with the larger PD structure. The design of the control strand is shown in
Figure 4.8a. The strand named scaffold was designed to hybridize with both the
donor- and accpetor-labeled strands from the PD structure and to approximate the
distance between the fluorophores in the fully assembled PD structure. A second
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Figure 4.7: Background fluorescence of PEG is negligible. Fluorescence emission of
PEG excited at 550 nm shows no significant fluorescence emission of PEG observed, as
fluorescence remains at the level of background noise.

strand called spacer was designed to hybridize with scaffold between the two labeled
strands to maintain the designed separation between the fluorophores. Verification of
the control structure assembly is shown in Figure 4.8b. Comparison of lanes 1, 3, and
6 shows the presence of a lower mobility band in lane 6 that is absent from lanes 1 and
3, indicating the hybridization of scaffold with the donor-labeled strand. A similar
comparison of lanes 1, 4 and 7 shows the hybridization of scaffold with the acceptorlabeled strand. Comparing lanes 6, 7, and 8 suggests the formation of a structure in
which all three strands, control, donor-labeled, and acceptor-labeled, are hybridized,
with some smaller structures of just two strands present as well. There are no bands
visible in lane 2, indicating that spacer has run off the gel due to its small size. In
comparing lanes 1 and 5, the lack of mobility change of the scaffold band suggests
that scaffold and spacer are unhybrized at room temperature due to the short length
of the complementary sequence. This decreases the distance between the donor and
acceptor in the control structure, however this does not prevent the control design
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(a)

(c)
(b)

Figure 4.8: Design, assembly and FRET verification of duplex FRET control structure.
a) The black strand is scaffold, green strand is donor-labeled (DL), purple strand is
acceptor-labeled (AL), spacer (red). b) 12% PAGE of FRET control. 1: scaffold,
2: spacer, 3: DL, 4: AL, 5:scaffold+spacer, 6:scaffold+DL, 7:scaffold+AL, 8:scaffold+DL+AL+spacer. The band in lane 5 is the same mobility as the band in lane
1, suggesting that scaffold and spacer are not hybridized at room temperature. Lanes
6,7 and 8 all show lower mobility bands, suggesting that scaffold hybridizes with both
DL and AL. c) Fluorescence spectra of the control structure with donor and with
donor+acceptor. The decrease in donor fluorescence and increase in acceptor fluorescence in the dual-labeled sample indicates that FRET is occurring.
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from being useful for testing FRET between the fluorophores. Fluorescence spectra,
shown in Figure 4.8c, verify that FRET does occur between the labeled strands when
hybridized to scaffold, as donor fluorescence decreases and acceptor fluorescence increases for the sample with both donor and acceptor compared to the sample with
only donor labeling.
Due to the wide excitation peak of the acceptor Cy5, its fluorescence emission
when excited at the donor excitation peak was investigated in the absence of donor
Cy3. As can be seen in Figure 4.4, there is overlap between the excitation peaks
of Cy3 and Cy5, which means that Cy5 can emit fluorescence when excited at 550
nm in the absence of Cy3. Significant fluorescence of Cy5 at the Cy3 excitation
peak (550 nm) would preclude the use of acceptor fluorescence for the calculation of
FRET efficiency. Fluorescence intensity at 662 nm (peak acceptor emission) of Cy5
at increasing PEG concentration is shown in Figure 4.9, showing that while there is
some fluorescence of Cy5 when excited at 550 nm, it is significantly less than when
Cy5 is excited at 650 nm (peak Cy5 excitation), as expected. While the fluorescence
is greatly reduced, this result indicates that FRET efficiency should be calculated
using the attenuation of donor fluorescence to avoid convolution of FRET efficiency
data with acceptor emission due to direct excitation.
Timing of fluorescence measurements after mixing samples with PEG is important,
as there needs to be sufficient time for equilibrium to be reached while minimizing
the effect of photobleaching. To determine this optimal time range, fluorescence of
a dual-labeled sample was measured 10 min, 1, 2, 24, and 48 hrs post-mixing with
PEG to a final concentration of 15% PEG. The spectra shown in Figure 4.10 show a
decrease in fluorescence after 1 hour, indicative of photobleaching. However, plotting
the ratio of donor to acceptor peak intensity in Figure 4.11 shows that FRET efficiency
is relatively constant over the 48 hour period, suggesting that osmotic equilibrium
is reached in <10 minutes and that photobleaching does not affect FRET efficiency.
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Figure 4.9: Comparison of acceptor fluorescence emission at 662 nm in the absence of
donor when excited at 550 nm (donor excitation peak) and 650 nm (acceptor excitation
peak). The legend denotes the excitation wavelength. There is some acceptor fluorescence when excited at 550 nm due to the large shoulder of the acceptor excitation
peak. However, the intensity of the fluorescence increases significantly when excited at
650 nm. The acceptor fluorescence when excited at 550 nm indicates that FRET efficiency should be calculated using the decrease in donor fluorescence for more accurate
calculations.
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Figure 4.10: Effect of photobleaching on fluorescence. Photobleaching is observed for
samples with only donor and with both donor and accpetor. Therefore fluorescence
measurements should be compared only at the same time.

These results indicate that 10 minutes is sufficient for FRET equilibrium to be reached
without photobleaching effects reducing the fluorescence intensity.
Having optimized the fluorescence experimental parameters with the linear control structure, the stiffness characterization technique was tested with the buckyball
structure. Fluorescence measurements of the PD structure with donor-labeling and
donor+acceptor-labeling indicate that the fluorophores are too close together in the
first iteration of the design. Force is calculated by determining the osmotic pressure
using Equation (4.1) and multiplying the pressure by the surface area of the structure.
Displacement is calculated as the difference between distances calculated for no compression (0% PEG) and the point of interest. Distances are calculated from FRET
efficiency using Equation (4.4). Plotting displacement vs. force in Figure 4.12 shows
that displacement appears to plateau between the second and third data points. As
shown in Table 4.1, 90% FRET efficiency is exceeded for the 2nd and 3rd data points.
As discussed previously, 90% efficiency is not within the range of accurate FRET distance measurement. Before the addition of PEG, FRET efficiency is over 70%. With
such a high efficiency before the addition of compressive force, the range of forces for
which accurate displacements can be measured is significantly reduced to the point
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Figure 4.11: Plotting the ratio of donor to acceptor fluorescence over time demonstrates
that osmotic equilibrium is reached in less than 10 minutes. This graph plots the
ratio of donor to acceptor fluorescence over time for samples with 0% PEG and 15%
PEG. This ratio remains constant over 12 hours for both PEG percentages, despite
the photobleaching effect previously shown. The constant ratio indicates that osmotic
equilibrium has been reached by the time the first measurement is taken at 10 minutes.
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Figure 4.12: Force vs displacement curve for original fluorophore placement on DNA
nanoparticle. Force points correspond to 0, 15, 30 and 40 % PEG from left to right (as
force increases). The displacement appears to plateau somewhere between the second
and third data points. This plateau would make calculating a spring constant from this
data inaccurate.

Table 4.1: FRET efficiency data for nanoparticle design. Reduced distance range.

PEG %
0
15
30
40

FRET Efficiency
0.76
0.85
0.89
0.89

of impracticality. This result necessitates redesigning fluorophore placement on the
nanoparticle structure.
Fluorophore placement was re-designed to put more space between the donor
and acceptor in order to increase the usable range of FRET efficiencies accessible
experimentally. With the second design, FRET efficiency at 0% PEG is 40%. This
lower efficiency at 0% PEG means that the spacing between the donor and acceptor
is much larger than in the previous design, increasing the range of displacement that
can be accurately calculated with FRET.
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Figure 4.13: Force vs. displacement plot from modified fluorophore placement shows
higher displacement with soft nanoparticles. Force vs displacement with modified PD
design to increase distance between donor and acceptor fluorophores. Soft particles (no
proflavine) show higher displacement than hard particles (with proflavine).

The stiffness of two sets of nanoparticles, with and without an intercalator, was
measured using FRET and osmotic pressure. Particles without the intercalating
molecule proflavine added showed higher displacement than the particles with 5
µg/mL proflavine, as shown in Figure 4.13. Displacement vs. force curves were
fit with linear regressions to calculate stiffness, k. The results of linear fits of the
data are shown in Table 4.2. Particles with proflavine are approximately twice as stiff
as those without proflavine. The increase of stiffness with proflavine indicates that
intercalation of molecules between the base pairs of NDA stiffens the structure.
Comparing the stiffness of the DNA nanoparticles to viruses, the stiffness of the
DNA nanoparticles is several orders of magnitude smaller than the softest viruses.
Influenza, one of the softest enveloped viruses, has a reported stiffness of 40 N/mm. 90
Immature HK97, one of the softest nonenveloped viruses, has a reported stiffness
of 18 N/mm. 91 These soft viruses have stiffnesses nine orders of magnitude larger
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Table 4.2: Linear regression fits of nanoparticle displacement vs. force curves for soft
1
and hard nanoparticles. Stiffness is calculated using k = m
.

Intercalator
Concentration
(µg/mL)
0
5

Slope ( k1 )

Intercept

r2

nN
Stiffness k ( mm
)

0.0443
0.0231

1.0256
0.8702

0.9428
0.9802

22.57
43.29

than those of the DNA nanoparticles reported here. While the virus stiffnesses were
measured by AFM nanoindentation, that would not account for such a large difference in stiffness. To give more context to previous work in studying the effect of
mechanical properties on drug delivery, the elastic moduli of nanoparticles studied
ranges from 10 kPa to 9.7 GPa. 81–83 The elastic moduli of the soft viruses is 0.045
GPa and <0.3 GPa for influenza and HK97, respectively. 4 Thus the moduli of the
nanoparticles studied extends the range of elasticity well beyond that seen in viruses.
Although elastic moduli were not calculated for the DNA nanoparticles, it is likely
orders of magnitude lower than those of the nanoparticles used in the other studies
on mechanical properties, thus not providing a relevant range of stiffness for studying
nanocarriers. With such low stiffness compared to viruses and other nanoparticles, a
doubling of stiffness with the intercalation of proflavine will likely not provide a large
enough range of stiffness to understand the effect of stiffness on cell uptake.

4.2.3

Uptake of Nanoparticles of Various Stiffness into Cells

Having characterized their stiffness, DNA nanoparticles were incubated with immune cells to study the effect of stiffness on cell uptake. Comparison of the uptake
of soft and hard nanoparticles into cells suggests that the hard nanoparticles were
taken up into cells at a higher rate than the soft nanoparticles. Uptake of nanoparticles into cells was interrogated by fluorescence microscopy and lysate fluorescence
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measurements. Representative images of cells showing uptake of nanoparticles are
shown in Figure 4.14. From these images, it is clear that hard nanoparticles have a
much higher association with the cells than the softer nanoparticles. The higher fluorescence from the hard nanoparticles could indicate uptake into the cells or surface
adsorption. Fluorescence measurements of cell lysate, shown in Figure 4.15, show
that there is not a statistically significant difference in the uptake of hard and soft
nanoparticles.
The fluorescence images do not indicate whether the nanoparticles are internalized or adsorbed to the cell surface, however nanoparticle internalization can be reasonably assumed based on preliminary confocal microscopy results. Nanoparticles
without targeting moieties were incubated with 4T1 cells, a mouse breast tumor cell
line. In the confocal microscopy images, shown in Figure 4.16, fluorescence from the
nanoparticles is found throughout the cell, not localized to the membrane. Although
this study was carried out with a different cell line, these results suggest the internalization of the nanoparticles in the macrophage study. One role of macrophages in
the immune system is to uptake and digest foreign particles, so it is reasonable to
assume that the nanoparticles are internalized by the macrophages based on the 4T1
cell study.

4.3

Conclusions

In conclusion, a new technique was developed for the measurement of the stiffness of nanoparticles by using FRET to measure displacement after compression by
osmotic pressure. The stiffness of the DNA nanoparticles was calculated to be orders
of magnitude lower than that of viruses. However through the application of this
technique, it can be concluded that the stiffness of DNA nanoparticles increases with
the incorporation of intercalating molecules.
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Figure 4.14: Representative fluorescence images of RAW cells dosed with TAMRAlabeled soft and hard nanoparticles indicate higher uptake of hard nanoparticles. At
both magnifications, TAMRA fluorescence is higher in cells dosed with hard nanoparticles.
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Figure 4.15: Uptake of nanoparticles measured by fluorescence of Cy5 label in lysate.
Uptake appears to be higher with the hard nanoparticles, but this result is not significant. The results also does not seem to reflect the large difference in fluorescence
observed in fluorescence microscopy.

Figure 4.16: Confocal microscopy of cancer cells suggest that nanoparticles are internalized by cells without targeting moieties. Confocal microscopy images showing the
uptake of (top) fluorescently labelled nanoparticles into 4T1 cells vs. (bottom) a negative control. This PD structure is not modified with targeting moieties. From these
images, it is clear that the nanoparticles are internalized by the cells as opposed to
being adsorbed to the cell surface.
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With regard to studying the effect of nanoparticle stiffness on cell uptake, the results are preliminary. While uptake measured by lysate fluorescence shows no statistical difference in uptake between soft and hard DNA nanoparticles, fluorescence imaging shows a marked increase in the uptake of hard nanoparticles into macrophages.
The lack of sufficient data points and low signal from the lysate fluorescence point
to the need for further study. However, the low stiffness of the DNA nanoparticles
compared to nanoparticles used for similar studies points to the need to increase the
stiffness range of the nanoparticles by several orders of magnitude. Expanding the
stiffness to a relevant range is not possible with the current DNA nanoparticle design,
as the maximum concentration of intercalator was used to create the hard nanoparticles and stiffness was only doubled. Changing to a different nanoparticle design, such
as a more solid DNA nanoparticle or a hydrogel nanoparticle, should be explored to
further this work.
Another factor to be considered is the ratio of cell and nanoparticle stiffness.
This ratio is of significance in the physics of cell membrane wrapping of spherical
shell nanoparticles. 92 For future studies, the nanoparticle stiffness range should be
tailored to the cells of interest, as cells vary in stiffness based on cell type, disease,
and maturity. 93 The macrophages used in this study have an elastic modulus of
930 ± 40 Pa. 94 In general, cancer cells are softer than their normal counterparts,
but there is also variation among cancer cells. Breast cancer cells range in elastic
modulus from 0.39 to 0.5 kPa while HeLa cells are much stiffer, with a modulus of
2.48 kPa. 95 Studying the effect of nanoparticle stiffness on drug delivery presents
a complex picture, which deserves further study with careful consideration of the
nanoparticle design with respect to stiffness range and target cell type.
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4.4

Materials and Methods

For FRET experiments, nanoparticles were assembled with fluorophore-labeled
strands. One set of nanoparticles was labeled with only donor, and the other set was
labeled with both donor and acceptor. Then, a PEG solution was added to the desired
concentration to apply osmotic pressure. After equilibrium was reached between the
nanoparticles and PEG, fluorescence was measured on a PTI fluorometer in a quartz
cuvette. Samples were excited at 550 nm, the peak excitation of the donor (Cy3),
and fluorescence emission was measured from 555 - 700 nm to include the emission
peak of the acceptor (Cy5).
To interrogate the effect of nanoparticle stiffness, cells were dosed with ’soft’ and
’hard’ nanoparticles. Hard nanoparticles had 5 µg/mL proflavine added after assembly, while soft nanoparticles had no proflavine added. Macrophages were chosen as
the target cell line. RAW 264.7 cells were incubated with 5 nM of nanoparticles for
two hours in serum-free media. Nanoparticles were dual-labeled with TAMRA and
Cy5 for characterization by fluorescence microscopy and lysate fluorescence measurements, respectively. Fluorescence micrographs were taken with exposure times of 1
in bright field and 3000 seconds with a TRITC filter.

4.4.1

DNA Sequence Design

The DNA sequences used to create the DNA nanoparticle structure are reported
in Table 4.3. Strand design adapted from Tian et al. 12 . The strand names in the
pentakis dodecahedron structure are shown in Figure 4.17. All strands were checked
for secondary structures and complementarity using the IDT OligoAnalyzer tool. To
check for secondary structure, the hairpin function was used to calculate the possible
hairpin structures and their melting temperatures. The self-dimer function was used
to check for dimer formation. Complementarity between strands was calculated using
the hetero-dimer function. All possible combinations of strands were checked with
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(a)

(b)

Figure 4.17: DNA strands labeled in the pentakis dodecahedron structure. a) D5 star
structure, with LD5 (red), MD (blue), and SD (purple). b) A6 star structure, with
LA6 (pink), MA1 (red), MA2 (purple), SA1 (blue), and SA2 (orange).

this function to ensure designed complementarity. In the case of off-target complementarity, sequences with six or less complementary bases in a row were considered
insignificant to desired structure formation.
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Table 4.3: DNA Sequences for Chapter 4

Strand
LA6
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MA1
MA2
MA1-Cy3
MA2-Cy5
MA2-Cy5-2
SA1
SA2
LD5

MD
SD
SD-TAMRA
scaffold
spacer

Sequence
5-AGG CAC CAT CGT AGG TTT TTC GTT CCG ATC ACC AAC GGA AGT TTT TCT TGC CAG GCA
CCA TCG TAG GTT TTT CGT TCC GAT CAC CAA CGG AAG TTT TTC TTG CCA GGC ACC
ATC GTA GGT TTT TCG TTC CGA TCA CCA ACG GAA GTT TTT CTT GCC-3’
5-ATA GCG CCT GAT CGG AAC GCC TAC GAT GGA CAC GGT AAC GCC-3’
5-GTG CAA CCT GCC TGG CAA GCT TCC GTT GGA CGA ACA GCT GAC-3’
5-ATA GCG CCT GAT CGG AAC GCC TAC GAT GGA CAC GGT AAC GCC Cy3-3’
5-GTG CAA CC/iCy5/ GCC TGG CAA GCT TCC GTT GGA CGA ACA GCT GAC-3’
5-GTG CAA CCT GCC TGG CAA /iCy5/CT TCC GTT GGA CGA ACA GCT GAC-3’
5-TTA CCG TGT GGT TGC ACG GCG-3’
5-GCT GTT CGT GGC GCT ATC AGT-3’
5-GGA GCT TTT TCG ATC CTA GCA CCT CTG GAG CTT TTT CGA TCC TAG CAC CTC TGG AGC
TTT TTC GAT CCT AGC ACC TCT GGA GCT TTT TCG ATC CTA GCA CCT CTG GAG CTT
TTT CGA TCC TAG CAC CTC T-3’
5-CTG AGC CCT GCT AGG ATC GGC TCC AGA GGA CTA CTC ATA CTG-3’
5-ATG AGT AGT GGG CTC AGG TCA-3’
5-ATG AGT AGT GGG CTC AGG TCA Tamra-3’
5-CTT GCC AGG CAG GTT GCA CGC TCC AGA GGG GCG TTA CCG TGT CCA TCG-3’
5-CCT CTG GAG C-3’

CHAPTER 5
OUTLOOK

5.1
5.1.1

Suggestions for Future Experiments
HCR Experiments

There are several possible directions for future work building off the results presented here. One possible direction is the creation of increasingly complex architectures, such as tutu-like structures, and utilizing these complex structures to create
complex biosensors. Additionally, the solution dynamics of these complex architectures are not well understood. Finally, there is great potential for using HCR to
create biologically relevant structures.
Based on the successful creation of complex architectures, increasingly complex
nanostructures can be created by HCR for potential application in drug delivery and
sensing. Having shown that a simple four-arm star can be modified to initiate HCR,
other DNA structures can be used as HCR initiators. One such possibility is the use of
3D wireframe DNA structures, such as tetrahedra or octahedra, to initiate HCR. With
the independent control over initiation of HCR from each point, non-centrosymmetric
structures, such as tutus, can be created without extensive monomer re-design.
Study of the polymer solution dynamics of these complex architectures would
also be an intriguing line of inquiry. Creation of well-defined bottlebrush structures
could yield insights into how the details of polymer architecture, such as the ratio
of mainchain to sidechain length, affect radius of hydration and radius of gyration.
Such insights would be important to the understanding of proteoglycan structures.
Additionally, experimentally verified models of BASP solution behavior have not yet
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been reported. Study of our well-defined BASP structures could be used to create a
model to predict solution behavior of such polymer architectures.
Having shown that HCR can be used to create controlled structures due to its
living nature, structures can be conceptualized that are relevant to biology. For example, there is potential to create an analogue to antibodies using DNA by HCR.
DNA antibodies could be of potential use in laboratory settings as an alternative to
antibodies derived from animals. In an assay such as ELISA, antibodies can have offtarget effects due to non-specific binding. The specificity offered by DNA aptamers
can be used to provide an alternative to antibodies by design of more complex architecture to offer multivalent binding interactions. Additionally, the ability of HCR
to create long, repetitive DNA sequences presents great opportunity for applications
in molecular biology. Using HCR, recombinant DNA encoding for repetitive peptide
sequences, such as elastin-like polypeptides (ELPs), could be more easily synthesized.
Simplifying the creation of repetitive DNA would be beneficial in the recombinant
protein expression of ELPs and ELP-containing proteins. To accompany this work,
collaborating with computational materials scientists could lead to a model of HCR
that predicts whether HCR will occur based on monomer structure. Through the
work done on HCR presented here and that of an undergraduate researcher in the
group, the occurrence of uninitiated HCR is not predictable based on the melting temperature or stability of the monomer hairpins. Being able to predict the occurrence of
uninitiated HCR would be beneficial for expanding beyond this work to recombinant
protein expression.

5.1.2

Effect of Stiffness on Nanoparticle Uptake

There are several possible directions for future work based on the preliminary
results presented. The exploration of the effect of stiffness on nanoparticle uptake
can be deepened in many ways, such as using different cell types, to expand upon
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these preliminary results. Additionally, the technique used for measuring the stiffness
of the DNA nanoparticles can be applied to other nanostructures and compared to
other nanomechanical characterization techniques.
To deepen the exploration of the effect of stiffness on cell uptake, there are several changes to the study that can be made, including using different techniques for
measuring cell uptake, determining uptake pathways, and studying intracellular trafficking. First, the uptake of nanoparticles can be better measured using confocal
microscopy and flow cytometry instead of conventional fluorescence microscopy and
lysate fluorescence. In the study presented here, fluorescence microscopy and lysate
fluorescence were used to observe cell uptake. Conventional fluorescence microscopy
cannot be used to distinguish between nanoparticles adsorbed to the surface of cells
and nanoparticles taken up into cells. Confocal microscopy distinguishes between surface adsorption and nanoparticles inside cells. Measuring lysate fluorescence should
only report uptake for nanoparticles in cells, however the signal is very low due to the
low concentration and volume used. Second, the pathway of uptake into the cell can
be studied to determine how the nanoparticles are being uptaken. Using strategies
from literature, different uptake pathways can be blocked systematically to determine
the major uptake pathways for the nanoparticles and the effect stiffness plays in which
pathway the nanoparticles follow. This study can be further expanded to study the
extent of the effect of stiffness with the use of targeting moieties. The nanoparticles
were chosen to take advantage of passive targeting within the body through the EPR
effect, however active targeting is also of great interest in nanomedicine. The incorporation of targeting moieties on the nanoparticles will likely lead to a different effect
of stiffness, as it is possible for the uptake pathway to change with the presentation of
ligands on the nanoparticle surface. Additionally, changing to a different nanoparticle
system would be beneficial in understanding the effect of stiffness. DNA nanoparticles do not offer the dynamic range necessary to examine the effect of stiffness over a
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relevant range of stiffnesses. Changing to a different nanoparticle system, such as a
hydrogel system, would offer a larger accessible stiffness range, however there will be
a tradeoff with the ability to create nanoparticles of monodisperse size.
Separate from the objective of studying the effect of stiffness on cell uptake, the
technique developed to measure DNA nanoparticle stiffness can be applied to other
nanoparticles. The mechanical properties of wireframe DNA nanostructures are not
well understood. The discussion in literature remains largely around linear or nanotube structures, with much of the understanding coming from the discussion of the
persistence length of DNA. While persistence length is a good indicator of polymer
chain stiffness, it is not make sense for 3D structures. The technique of combining
FRET and osmotic pressure could be applied to a variety of geometries and sizes of
DNA nanoparticles for expanding the understanding of DNA nanostructure stiffness.
Through clever chemistry, it could also be applied to other self-assembled systems,
provided the FRET fluorophores could be placed in a controlled manner. Comparison of this technique with other techniques for measuring nanomechanical properties,
particularly AFM nanoindentation, would also allow for verification of the results.
Verification of this technique would allow for simpler and faster mechanical characterization of nanoparticles, as it is an ensemble technique as opposed to the single
molecule technique of AFM.

5.2

Future of the Field

With interest in the field of DNA nanotechnology steadily growing, the focus is
shifting away from understanding assembly to practical applications in areas such as
biosensing, templated assembly, and drug delivery. Despite interest in practical applications, there are challenges that need to be addressed to allow for implementation
on an industrial scale. The main challenges are functionality and scalability.
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All of the DNA self-assembly techniques discussed in this dissertation rely on
Watson-Crick hybridization for stability and reproducibility. Utilizing A-DNA and
Z-DNA would make other complex shapes possible or incorporate stimuli response
functionality while remaining based on Watson-Crick hybridization. However, this
hybridization reaction and the four naturally occurring nucleobases limits the functionality of DNA nanostructures. Incorporation of other types of supramolecular
interactions, such as guest-host interactions, and unnatural nucleobases could extend
the functionality of self-assembled structures. Additionally, use of artificial analogues
of DNA, such as peptide nucleid acids, could offer access to new functionalities.
The biggest challenge to commercial application of DNA nanotechnology is that
of scalability and production costs. While bespoke DNA sequences can be ordered,
the costs remain high with limitations on the length of sequence that can be designed
and ordered commercially. Additionally, large, complex DNA nanostructures can
often have long associated assembly times with low yield. Exploration of the use of
enzymatic or other methods for DNA production could lead to advances in scalability.
Production costs and scalability of DNA sequences and the assembly of DNA nanostructures is the most serious challenge currently facing the practical implementation
of DNA nanotechnology.
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APPENDIX A
GEL ANALYSIS PROGRAM

Gel lanes are plotted using the ImageJ gel analysis feature, with the ladder lanes
plotted separately. This generates a grayscale density plot for each selected lane,
stacked vertically. Using the mobility of the ladder rungs measured from the plot, a
calibration curve is calculated using the known molecular weights of the ladder rungs
(function: standards).

log(M W ) = a ∗ mobility + b

(A.1)

The plot of the gel lanes is then processed creating a matrix of the point number,
mobility, and intensity for each data point and a vector of the starting point for each
lane (function: gelProcess). From this vector, the molecular weight of each point is
calculated using the calibration curve. Then Mi Ni and Mi 2 Ni are calculated for each
point (Ni = intensity, Mi = molecular weight) (function:analyze).
The data analysis is then summarized to produce Mn , Mw , D, and peak molecular
weight (function: summarize). This summary is done excluding residual monomer.
This summary and the raw data are then printed to an Excel spreadsheet (function:
writeSummary).
P
Mi Ni
Mn = P
Ni

(A.2)

P 2
M Ni
Mw = P i
Mi Ni

(A.3)
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Code:

function writeSummary(fnimage, filename, ladder1, ladder2,
numLanes, bg)
%This function takes the cell array created by the summarize
function and
%writes it to an Excel spreadsheet for later use.
%CellSum is the summary cell array generated by the summarize
function.
%Ladders is a matrix with columns: Point #, x, y, MW(rungs)
%Eqn is the output of the standards function

%Standards
eqn=standards(ladder1,ladder2);

%Image Processing
gel = gelProcess(fnimage,'jpg',numLanes);
raw = gel{1};
lanes = gel{2};

%Add background lanes
add = zeros(2,3);
add(1,3) = bg;
raw = vertcat(raw,add);
nums = [lanes(end), lanes(end)+1, 1];
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%Analysis
data = analyze(raw,lanes,nums,eqn);

%Create summary cell arrays
cellSum = summarize(data, lanes, 1); %Summary without subtracting
monomer
dataSub = subMonomer(data,lanes); %Subtract monomers from data
dataM = dataSub{1};
lanesM = dataSub{2};
sumSub = summarize(dataM, lanesM, 2); %Summarize data w/o monomer

%Create summary for spreadsheet
summary = {'Ratio M:I', 'Temp', 'Lane #', 'Mn', 'Mw',
'Dispersity'};
[r1, ~] = size(cellSum);
for i = 2:r1
summary{i,3} = cellSum{i,1};
summary{i,4} = cellSum{i,3};
summary{i,5} = cellSum{i,4};
summary{i,6} = cellSum{i,5};
end

%Create summary (w/o monomer) for spreadsheet
summary2 = {'Ratio M:I', 'Temp', 'Lane #', 'Mn', 'Mw',
'Dispersity'};
[r2, ~] = size(sumSub);
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for j = 2:r2
summary2{j,3} = sumSub{j,1};
summary2{j,4} = sumSub{j,3};
summary2{j,5} = sumSub{j,4};
summary2{j,6} = sumSub{j,5};
end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%
%Write Standards Calculations into spreadsheet
%Create cell array for standards.
ladders = [ladder1; ladder2];
[r, ~] = size(ladders);
r = r+1;
stand = {'Point #', 'X', 'Y', 'MW(bp)', '', '', 'Ladder 1',
'Ladder 2'};
%Move data into standards cell array from ladders matrix.
for i = 2:r
for j = 1:4
stand{i,j} = ladders(i-1,j);
end
end

%Put calculated equations into standards cell array.
stand{2,6} = 'm';
stand{3,6} = 'b';
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stand{2,7} = eqn(1,1);
stand{3,7} = eqn(2,1);
stand{2,8} = eqn(1,2);
stand{3,8} = eqn(2,2);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%
%Write Data into cell array for spreadsheet
dataCell = writeData(data,lanes,1);

%Write Data without monomer into cell array for spreadsheet
dataCellM = writeData(dataM, lanesM,2);

%Make cell array to find peaks. Fill all empty cells with 0s.
testCell = emptyCell(dataCell);
out = cell2mat(testCell(3:end,:));
testCellM = emptyCell(dataCellM);
outM = cell2mat(testCellM(3:end,:));

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%
%Find peaks of rel Y data and put in summary cell array
maxSum = findPeak(out);
transH = {'Peak MW(bp)', 'Peak Rel Y'};
trans = vertcat(transH,num2cell(maxSum));
summary = horzcat(summary,trans);
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maxSum2 = findPeak(outM);
trans = vertcat(transH, num2cell(maxSum2));
summary2 = horzcat(summary2, trans);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%
%Writing raw data calculated by the analysis onto sheet 4
%Headers needed
headers = {'Pt. #', 'X', 'Y', 'Corr Y', 'Log(MW)(bp)', 'MW (bp)',
'Ni', 'MiNi', 'Mi2Ni'};

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%
%Write excel file
xlswrite(filename, stand, 'Standards')
xlswrite(filename, dataCell, 'Data')
xlswrite(filename,dataCellM, 'Data wo Mon')
xlswrite(filename, summary, 'Summary')
xlswrite(filename, summary2, 'Summary wo Mon')
xlswrite(filename, headers, 'Raw')
xlswrite(filename, data, 'Raw', 'A2')
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end

function eqn = standards(ladder1,ladder2)
%This function takes inputs of ladder x,y,MW values (as matrix)
to
%calculate the linear regression from the ladder. This allows for
%calculation of the molecular weights of each point from the gel
plots.
%ladder matrices are set us as follows:
%column 1 = point numbers, column 2 = x, column 3 = y, column 4 =
MWs

x1 = ladder1(:,2);
y1 = log10(ladder1(:,4));
x2 = ladder2(:,2);
y2 = log10(ladder2(:,4));
P1 = polyfit(x1,y1,1);
P2 = polyfit(x2,y2,1);
eqn = [P1', P2'];
end

function out = gelProcess(filename,type,numLanes)
%Takes the filename of an image created by plotting a gel in
ImageJ and
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%returns a cell array with the first cell containing a data
matrix ready
%for analysis and the second cell containing the lanes vector.
%Input image should not include ladder lanes.
%numLanes is the number of lanes in the plot.

%Read image and put in matrix
image = imread(filename, type);
%Black borders are in the image.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%
%Make lanes vector, which is the row number of the baseline for
each lane.
%Lanes are evenly spaced at 325 rows, first 17 rows thrown out
(only
%includes image title).
image = image(18:end,:);
[ri, ~] = size(image);
lanes = [0];
l = 325;
i = 1;
while l < ri
lanes(i) = l;
l = l + 325;
i = i + 1;
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end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%
%Make raw data matrix for output and analysis. Every value in the
image
%array that is black, aside from the borders and lane dividers,
is a data
%point.

point = 1; %Point number for incrementing, first column of values
in matrix.
raw = zeros(3);
r1 = 1; %no top black border
c1 = 649; %Rightmost data column (650 columns)
lanesout = zeros(1,numLanes);

%Read data from right to left on the image, as the right side
corresponds
%to the bottom of the gel. Find the rightmost (highest mobility)
data
%point, then move along the line to find the rest of the data for
that
%lane.
for index = 1:numLanes
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%Put in baseline point for this lane.
raw(point,:) = [point, 1, lanes(index)];
lanesout(index) = point; %Point number for the start of the
lane.
point = point + 1;

%Find right-most data point.
for a = r1:lanes(index)
if image(a,c1) < 100
raw(point,:) = [point, c1, a]; %X is column #, Y is
row #.
point = point + 1;
break
end
end

%Find the data points and put them into the raw data matrix
%Each column has only one data point for each lane.
%Increment down through the column numbers (moving from right
to left.
for b = c1-1:-1:2
for m = r1:lanes(index)
if image(m,b) < 100
raw(point,:) = [point, b, m];
point = point + 1;
break
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end
end
end

%Move row counter to the next lane.
r1 = lanes(index)+1;
end

%raw = removeDefect(raw,lanesout);

lanesout(numLanes+1) = point; %Include first point of last
ladder.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%

%Making output cell array
out = {raw,lanesout};
end

function data = analyze(data, lanes, nums, eqn)
%This function will run all of the analysis functions and put the
outputs
%into an array for writing into excel.
%data should be arranged as a matrix with
%column 1 = point numbers, column 2 = x, column 3 = y
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%lanes is the first point number for the start of each lane
(baseline)
%nums is a row vector of important numbers
%nums(1) is point number for ladder baseline
%nums(2) is point number for ladder background calculation
%nums(3) is the y intensity of the ladder rung used for relative
%measurements.
%eqn is the output of the standards function that give the
equation for the
%ladder linear regression fit.

%Calculate the baseline corrections to get the corrected Y values
data(:,4) = baseline(data, lanes, nums);

%Calculate the log of MW from the standards curve
data(:,5) = eqn(1,1)*data(:,2)+eqn(2,1);

%Calculate the MW of points
%logMW1 = data(:,5);
data(:,6) = power(10,data(:,5));

%Calculate Ni
data(:,7) = calcNi(data,lanes);

%Calculate MiNi
data(:,8) = calcMiNi(data);
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%Calculate Mi2Ni
data(:,9) = calcMi2Ni(data);

%Calculate Relative y
data(:,10) = data(:,4)/nums(3);

end

function corrY = baseline(data, lanes, b)
%This function adds a column to the data matrix that corrects for
%background and baseline to give the corrected y value.

back = data(b(1),3)-data(b(2),3);
for pt = 1:length(lanes)-1
base = data(lanes(pt), 3);
%Baseline for each lane is the first y value of that lane.
data(lanes(pt):lanes(pt+1)-1,4)=basedata(lanes(pt):lanes(pt+1)-1,3)-back;
end
corrY = data(:, 4);
negs = corrY<0;
corrY(negs) = 0;
end
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function out = calcNi(data, lanes)
%This function calculates the Ni value for each row in the data
matrix.

numlanes = length(lanes);
[r, ~] = size(data);
out = zeros(r,1);
for i = 1:numlanes-1
start = lanes(i)+1;
finish = lanes(i+1)-1;
for j = start:finish-1
out(j) = data(j,4)*(data(j,2)-data(j+1,2));
end
out(finish) = data(finish,4);
end

end

function out = calcMiNi(data)
%Calculate MiNi from the given data set

[r, ~] = size(data);
out = zeros(r,1);
for i = 1:r
out(i) = data(i,6)*data(i,7);
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end

end

function out = calcMi2Ni(data)
%Calculate Mi2Ni from the given data set.

[r, ~] = size(data);
for i=1:r
out(i) = data(i,6)*data(i,8);
end

end

function cellSum = summarize(data, lanes, mode)
%This function calculates a summary cell array from the input
data matrix
%and the lane point number information
%Mode refers to the mode of the summary. If mode = 1, normal
summary. If
%mode = 2, summary of data with monomer subtracted (lanes is
different).

cellSum = {'Lane Number' 'Data Matrix' 'Mn' 'Mw' 'Dispersity'};
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%Put data into cells for each lane
for i = 1:length(lanes)-1
start = lanes(i);
if mode == 1
start = start + 1;
end
finish = lanes(i+1)-1;
n=i+1;
cellSum{n,1} = n;
cellSum{n,2} = data(start:finish,:);
sumNi = sum(cellSum{n,2}(:,7));
sumMiNi = sum(cellSum{n,2}(:,8));
sumMi2Ni = sum(cellSum{n,2}(:,9));
Mn = sumMiNi/sumNi;
Mw = sumMi2Ni/sumMiNi;
cellSum{n,3} = Mn;
cellSum{n,4} = Mw;
cellSum{n,5} = Mw/Mn;
end

end

function outCell = subMonomer(data, lanes)
%Takes a data matrix of an expected size and returns that matrix
without
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%data points below 100bp so that the MW can be calculated without
the
%monomer band convolution.

numlanes = length(lanes) - 1;
out = zeros(2,10);
row = 1;
outL = 1;
for i=1:numlanes
s = lanes(i)+1;
f = lanes(i+1)-1;
for j = s:f
if data(j,6) >= 99
out(row,:) = data(j,:);
row = row + 1;
end
end
outL = [outL row];
end

outCell = {out, outL};

end

function dataCell = writeData(data,lanes,mode)

97

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%
%Write Data into cell array for spreadsheet
%Mode 1 : data has not had monomer subtracted, so background
point is still
%included.
%Mode 2: data has had monomer subtracted, so background point is
not
%included.

lane = 2;
numLanes = length(lanes)-1;
dataCell = cell(1,numLanes*2);
%Setting header rows - top row is lane number in odd columns.
%Bottom header row alternates X and Rel Y for graphing purposes.
for i = 1:numLanes*2
if mod(i,2) == 0
dataCell{2,i} = 'Rel Y';
else
lanestr = num2str(lane);
laneHead = ['Lane ' lanestr];
dataCell{1,i} = laneHead;
dataCell{2,i} = 'MW(bp)';
lane = lane + 1;
end
end
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%Moving data to dataCell cell array
c=1; %starting with column 1.
for i = 1:numLanes
start = lanes(i); %starting row for lane of interest
if mode == 1
start = start + 1; %Mode 1 is data before subtracting
monomer, so background point included
end
finish = lanes(i+1)-1; %ending row for lane of interest
r = 3; %Always start with row 3 because of the 2 header rows.
for j = start:finish
dataCell{r,c} = data(j,6); %MW(bp) is in column 6 of
data.
dataCell{r,c+1} = data(j,10); %relative y is in column 10
of data.
r = r+1;
end
c = c+2; %moving to the columns for the next lane.
end

end

function testCell = emptyCell(dataCell)
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%Takes cell array of data and fills empty cells with 0s so that
the peak
%finding function can be used.
testCell = dataCell;
[r,c] = size(testCell);
for i = 1:r
for j = 1:c
if isempty(testCell{i,j})
testCell{i,j} = 0;
end
end
end

end

function maxSum = findPeak(data)
%Takes input cell array (data) that has already been separated
into 2
%columns per lane (with zeros filled in) and returns the peak
relative Y
%value for each lane in a summary matrix. The first column is the
Peak MW
%and the second column is the relative Y value at the peak.

[r, c] = size(data); %Input is gel data put into a cell array.
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value = 0;
maxSum=zeros(c/2,2); %Resulting matrix will have one row for each
lane.
row = 1;
index = 0;
for j = 2:2:c
for i = 1:r
if data(i,j)>value
value = data(i,j);
index=i;
end
end
if index == 0
index = 2;
value = 0;
end
maxSum(row,1)=data(index,j-1);
maxSum(row,2)=value;
row = row + 1;
value = 0;
end
end
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APPENDIX B
DISPERSITY CONTROL OF HCR

With the goal of creating complex architectures using HCR, control over dispersity
is a key part of being able to synthesize controlled structures. In order to reduce dispersity, competing strands and monomer purification were examined, with monomer
purification yielding the highest reduction in dispersity.
Addition of competing strands of various designs only led to modest reduction of
dispersity in select cases. The idea of adding competing strands to reduce dispersity
was inspired by the reversible termination mechanism of ATRP. By introducing short
strands that can hybridize reversibly with the chain end, the rate of propagation
should decrease relative to the rate of initiation. Two designs were examined with
lengths varying from 6 to 16 nt Figure B.1. Despite the many variables explored,
including monomer to initiator ratio, monomer to competing strand ratio, competing
strand design and length, reduction of dispersity was not often observed Figure B.1.
Dispersity and average molecular weight are calculated using a custom Matlab program, detailed in Appendix A. When reduction of relative dispersity (

Dcompeting
)
Dcontrol

was

observed in the case of 5’ designs, reduction in dispersity was minimal.
Purification of monomers during synthesis dramatically reduces dispersity of HCR
products. The decision to investigate the effects of monomer purification was inspired
by the narrow bands shown in a paper that used HCR for assembling a drug carrier. 61
Monomer purification led to a significant reduction in dispersity, shown in Figure B.2.
It is likely that mistakes in the DNA sequence during synthesis effectively terminate
HCR, increasing dispersity.
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Production of DNA supramolecular polymers by HCR is dependent on monomer
secondary structure, not DNA sequence. As shown in Figure B.3, high molecular
weight polymers are formed with a different set of monomers that have a different
sequence but the same hairpin secondary structure. Monomer purification reduces
dispersity independent of monomer sequence.

(a)

(b)

Figure B.1: Design of competing strand to reduce dispersity and relative disperisty
results from various designs. a) Two competing strand designs, with the competing
strand (green) hybridizing close to the 5’ (left) or 3’ (right) end of the monomer (blue).
The competing strands are designed to hybridize reversibly with the free end of the
monomer to reduce the rate of propagation relative to initiation. b) Relative D at
r=10 of all the competing strand designs at Monomer:Competing strand ratio of 100
(0.01µM) and 10 (0.1µM). Slight reduction in relative D only for 5’ designs.
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Figure B.2: Comparison of HCR with unpurified and purified monomers on agarose gel
(2%) shows that dispersity decreases significantly with monomer purification.

Figure B.3: Effect of monomer purification on dispersity of HCR products is sequence
independent. Agarose gel (1.5%) showing sidechain HCR with purified monomers.
Lanes contain 1)Initiator + monomer 1; 2) Initiator + monomer 2; 3) Monomer 1 +
monomer 2; Sidechain HCR with 4) r=3, 5) r=10, 6) r=20. Monomer purification
reduces the dispersity of HCR independent of sequence.
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Table B.1: DNA Sequences for Appendix B
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Strand
5’comp6
5’comp10
5’comp10b
5’comp13
5’comp13b
5’comp16
5’comp16b
5’comp18
3’comp10
3’comp13
3’comp16

Sequence
5’-ACT TTG-3’
5-GAC TAC TTT G-3’
5-TTA ACC CAC G-3’
5-CTA GAC TAC TTT G-3’
5-TTA ACC CAC GCC G-3’
5-ATC CTA GAC TAC TTT G-3’
5-TTA ACC CAC GCC GAA T-3’
5-CGA TCC TAG ACT ACT TTG-3’
5-CAC GCC GAA T-3’
5-CAC GCC GAA TCC T-3’
5-CAC GCC GAA TCC TAG A-3’

APPENDIX C
HCR STEM LENGTH STUDY

C.1

Summary

The effect of several different conditions on the molecular weight of unpurified
HCR products was studied. To understand if HCR is controllable via initiation, the
conditions at which auto-HCR produces large molecular weight (MW) products were
examined. At stem length 14 base pairs, auto-HCR is an issue only at 30-40C for
times ¿4 hours; at stem length 18, auto-HCR does not produce large products at any
condition tested. The HCR scheme suggests that increasing the monomer:initiator
(M:I) ratio should lead to increasing MW. However, we have seen in the past that M:I
above 10:1 leads to a decrease in MW. Results presented below confirm that decreasing
MW at high M:I is a result of the HCR and not an artefact of gel detection limits. It is
also confirmed that, for stem 18, creating samples at constant initiator concentration
and varying monomer concentration results in the same M:I trend as creating samples
at constant monomer concentration and vary initiator concentration. For stem 14, the
same experiment showed an increase in MW with increasing M:I up to 50:1. While
this is a promising result, it needs to be repeated for confirmation.
The effect of incubation temperature upon HCR at multiple stem lengths was
tested. While the results show a very complex picture of the relationship between
MW, temperature, and stem length, the data confirms that increasing temperature
does not lead to the desired control over MW via M:I ratio.
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C.2

Uninitiated HCR Study

Polymerization in the absence of initiator, referred to as auto-HCR, is undesirable, as the reaction cannot be controlled. The effect of auto-HCR was examined at
multiple times and temperatures for HCR systems of stem length 14 and 18. Samples
without initiator were compared to samples with monomer and initiator (M:I ratio
3:1) in agarose gel electrophoresis. Auto-HCR is considered significant if low mobility
products are visible on the gel. As shown in Table C.1, auto-HCR is significant for
some conditions at a stem length of 14, but is not significant for all conditions tested
at a stem length of 18.
Table C.1: Conditions at which large products are formed via auto-HCR. Checks (X)
indicate that there is not significant auto-HCR, Xs indicate that there is significant
auto-HCR.

Stem 14

Stem 18

Time (hr.)

C.3

Time (hr.)

Temp (◦ C)

0.5

1

2

4

24

Temp (◦ C)

0.5

1

2

4

24

20

X

X

X

X

X

20

X

X

X

X

X

30

X

X

X

X

X

30

X

X

X

X

X

40

X

X

X

X

X

40

X

X

X

X

X

50

X

X

X

X

X

50

X

X

X

X

X

60

X

X

X

X

X

60

X

X

X

X

X

M:I Ratio Trends

Previous data has repeatedly shown that molecular weight and M:I ratio are not
related in the expected way. Increasing the M:I ratio is expected to increase the
molecular weight, as there are fewer growing chains; however, our data indicates that
the highest molecular weight products are produced at an M:I ratio of 10:1.
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Figure C.1: Lack of high molecular weight products with increased M:I ratio is not
due to gel detection limit. Detection limit study of stem 18 HCR on 1.5% agarose.
Concentration of DNA increased 5x. Gel loading increased 2x (10µL) or 3x (15µL).
Low mobility product visible in high M:I ratio lanes (20, 100), but the MW does not
increase with M:I ratio as expected.

In order to confirm that this result was not due to a limitation of detection on
gels, the detection limit of the gel electrophoresis system was tested. This was done
by increasing the concentration of the HCR five-fold and loading two to three times
more sample during agarose gel electrophoresis. A representative gel is shown below
in Figure C.1. While more low mobility product is visible in the lanes with high M:I
ratio, the trend of molecular weight with M:I ratio remains the same. This suggests
that the deviation of the trend from the expectation is not due to a detection limit
problem.
This trend was also investigated by changing the protocol for making the samples.
The normal procedure for making sample sets is to keep the monomer concentration
constant and varying the initiator concentration to achieve different M:I ratios. In this
sample set, the initiator concentration is kept constant and the monomer concentration is varied to achieve different M:I ratios. For stem length 18, this does not lead to
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a change in the trend of molecular weight with M:I, shown in Figure C.2). In the case
of stem 14, molecular weight increases with increasing M:I ratio, as seen in Figure C.3.
This is different from the trend seen previously seen when samples are prepared at
constant monomer concentration. This trend is seen for several temperatures.

C.4

Stem Length and Incubation Temperature

Several sets of conditions were evaluated to see how HCR is affected. Temperature and ratio were both explored at several stem lengths. The results from these
experiments show a complex picture that is not completely understood. Due to the
difficulty of comparing gel analyses across gels, HCR at different stem lengths will
not be compared to each other.
For the original design, stem length of 18, the ratio M:I 10:1 yields the highest
MW, both peak and average (Mn). This trend is seen for the lower temperatures,
20-45◦ C, as shown in Figure C.4. At 50◦ C and higher, results are more erratic, as
the intensity of the products decreases. The MW of samples with M:I 20:1 is much
closer to that of 10:1 than previously expected, however the intensity of the product
is very low, as evidenced by Figure C.4d.
It is difficult to compare the low temperature results to the high temperature
results as they are on separate gels. The gel analysis is greatly affected by image adjustments, calling into question the validity of comparing average molecular weights
across the whole temperature range. However, peak MWs can still be compared. In
Figure C.4a, a horizontal line indicates 100 bases. Small molecular weight product,
namely monomers and dimers, fall below this line. For the whole range of temperatures, samples with M:I 100:1 had a peak MW in the monomer region. This suggests
that monomer conversion at high M:I is very low.
Focusing just on the low temperature results, the highest peak MW is at room
temperature. However, the difference between room temperature and 30◦ C is negli-
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Figure C.2: Constant initiator concentration with stem 18 design does not increase
molecular weight at high M:I ratio. 1.5% agarose gel of stem 18 HCR samples created
by keeping initiator concentration constant and varying monomer concentration. High
MW product is visible on the gel at high M:I, but the MW is not increasing with M:I.
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Figure C.3: Constant initiator concentration with stem 14 design increases intensity
of product at high M:I ratios at elevated temperature. 1.5% agarose gel of stem 14
HCR samples created by keeping initiator concentration constant and varying monomer
concentration. At temperatures 30-45◦ C, MW of high M:I ratio samples is much higher.
From the gel, it seems that MW increases as M:I increases for temperatures 30-45◦ C.
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Figure C.4: Molecular weight vs. incubation temperature, stem 18. a) Peak MW
vs temperature and b) Mn vs temperature from gel analysis. Combinations of 1.5%
agarose gels c) Stem 18 M:I 10:1 and d) Stem 18 M:I 20:1. In c. and d., the numbers
at the top of the lanes indicate temperature.
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Figure C.5: Molecular weight vs. incubation temperature, stem 16. a) Peak MW
vs temperature and b) Mn vs temperature from gel analysis. Combinations of 1.5%
agarose gels c) Stem 16 M:I 10:1 and d) Stem 16 M:I 20:1. In c. and d., the numbers
at the top of the lanes indicate temperature.

gible at all of the ratios tested. It is a similar result with the number-average MW,
with the Mn at 30◦ C slightly higher than at room temperature, but with negligible
difference. The main difference between room temperature and 30◦ C is the intensity. As shown in Figure C.4c, the intensity of the lower mobility product is higher
at 30◦ C. This trend is seen at all ratios. Due to the care taken when creating the
samples with respect to DNA concentration, it can be reasonably assumed that the
intensity difference is due to the incubation temperature, not gel loading differences.
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Decreasing the stem length to 16 base pairs yields slightly different results. Figure C.5a-b shows the MW vs temp, both peak and Mn for the lower temperatures
(detection problems with higher temperatures). In both plots, the sample at M:I 3:1
behaves differently than the higher M:I samples. For M:I 3:1, there is no significant
difference in peak MW or Mn with temperature besides a small decrease at 45◦ C.
However, for M:I 10, 20, and 100, there is an increase in both peak MW and Mn
between room temperature and 30◦ C. Above 30◦ C, the peak MW remains relatively
constant for M:I 10 and 20; but while for M:I 20 the Mn remains constant above
30◦ C, Mn of M:I 10 increases from 30-40◦ C, then decreases at 45◦ C. This trend is
evident in the gel (Figure C.5c); the area of highest intensity is at the same mobility
from 30-45◦ C, but the amount of lower mobility product goes through the same peak
at 40◦ C.
Further decreasing the stem length to 14 base pairs resulting in a dramatic change.
As is evident in both the MW vs Temp graphs and the gel (Figure C.6), at M:I 10:1
there is a sharp increase in peak MW and Mn at 50◦ C. Between room temperature
and 45◦ C, the peak MW and Mn remain relatively constant with temperature. Above
50◦ C, peak MW and Mn remain relatively constant with temperature, just at a much
higher MW. It is hard to determine if the higher M:I ratio samples also go through
a transition like this because the intensity of the samples is much lower. At M:I 3:1,
there is no evidence of a sharp MW jump, and the MW remains relatively constant
with temperature.
The data presented in this section seem to show a very complex picture of the relationship between molecular weight and temperature. This complexity is compounded
by the changing of multiple variables at once and the difficulty in comparing analysis between different gel experiments. The original aim of these experiments was to
examine the trend of M:I ratios with temperature, with a hypothesis that there is
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Figure C.6: Molecular weight vs. incubation temperature, stem 14. a) Peak MW
vs temperature and b) Mn vs temperature from gel analysis. Combinations of 1.5%
agarose gels c) Stem 14 M:I 10:1 and d) Stem 14 M:I 20:1. In c. and d., the numbers
at the top of the lanes indicate temperature.
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a temperature at which increasing M:I increases MW. These data suggest that this
temperature does not exist.
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Table C.2: DNA Sequences for Appendix C
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Strand
s10Initiator
s10M1
s10M2
s12Initiator
s12M1
s12M2
s14Initiator
s14M1
s14M2
s16Initiator
s16M1
s16M2
s18Initiator
s18M1
s18M2
s20Initiator
s20M1
s20M2

Sequence
5-TAG GAT TCG GGG TTA A-3’
5-TTA ACC CCG AAT CCT ACA AAG TTA GGA TTC GG-3’
5-TAG GAT TCG GGG TTA ACC GAA TCC TAA CTT TG-3’
5-TAG GAT TCG GCG GGT TAA-3’
5-TTA ACC CGC CGA ATC CTA CAA AGT TAG GAT TCG GCG-3’
5-TAG GAT TCG GCG GGT TAA CGC CGA ATC CTA ACT TTG-3’
5-TAG GAT TCG GCG TGG GTT AA-3’
5-TTA ACC CAC GCC GAA TCC TAC AAA GTT AGG ATT CGG CGT G-3’
5-TAG GAT TCG GCG TGG GTT AAC ACG CCG AAT CCT AAC TTT G-3’
5-TCT AGG ATT CGG CGT GGG TTA A-3’
5-TTA ACC CAC GCC GAA TCC TAG ACA AAG TTC TAG GAT TCG GCG TG-3’
5’-TCT AGG ATT CGG CGT GGG TTA ACA CGC CGA ATC CTA GAA CTT TG-3’
5’-AGT CTA GGA TTC GGC GTG GGT TAA-3’
5’-TTA ACC CAC GCC GAA TCC TAG ACT CAA AGT AGT CTA GGA TTC GGC GTG-3’
5’-AGT CTA GGA TTC GGC GTG GGT TAA CAC GCC GAA TCC TAG ACT ACT TTG-3’
5-AGT CTA GGA TTC GGC GTG GCG GTT AA-3’
5-TTA ACC GCC ACG CCG AAT CCT AGA CTC AAA GTA GTC TAG GAT TCG GCG TGG C-3’
5-AGT CTA GGA TTC GGC GTG GCG GTT AAG CCA CGC CGA ATC CTA GAC TAC TTT G-3’
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